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NOTICE

This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the United
States nor any agency thereof, nor any of its employees, nor any
of its contractors, subcontractors, or their employees, make any
warranty, expressed or implied, or assumes any legal liability
or responsibility for any third party's use or the results of
such use of any information, apparatus, product or process
disclosed in this report or represents that its use by such third
party would not infringe privately owned rights. V

DISCLAIMERS

The citation of tradenames and names of manufacturers in
this report is not to be construed as official GovernmentL

endorsement or approval of commerical products or services
referenced herein.

DISPOSITION

Destroy this report when it is no longer needed. Do not

return it to originator.



SECURITY CLASSIFICATION OF THIS PAGE When Data Entered) R A I

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM.

1 I. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

*. DAAK70-84-C-0099 ,_,__ _'

4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED~FINAL-
Fuel Processing System for a 5kW Methanol 09/20/84 - 09/20/85 

Fuel Cell Power Unit
6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(a) S. CONTRACT OR GRANT NUMBER(e)

G. Steinfeld DAAK70-84-C-0099

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK
AREA & WORK UNIT NUMBERS

Energy Research Corporation IV463702DG11-03;
3 Great Pasture Road 016EF;6.3702
Danbury, CT 06810

II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Belvoir R&D Center 27 November 1985 I 4
Logistics Support Directorate STRBE-FGC 13. NUMBER OF PAGES

Fort Belvoir, VA 22060-5606 111
14. MONITORING AGENCY NAME & ADDRESS(f different from Controlling Office) S. SECURITY CLASS. (of this report)

DCASMA, Bridgeport UNCLASSIFIED
555 Lordship Blvd. _ _"__ _"

Stratford, CT 06497-7124 1sa. DECLASSIFICATION/DOWNGRADING L -
SCHEDULE

16. DISTRIBUTION STATEMENT (of thile Report)

Approved for Public Release; Distribution is Unlimited

17. OISTRIBUT(ON STATEMENT (of the ahetract entered fn Block 20. If different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WOHDS (Continue on rerere aide if neceaary and Identify by block number)

Neat Methanol Reforming
Reforming
Fuel Cell Power Plant
Phosphoric Acid Fuel Cell

20. ABSTRACT (Cornils m an reverse aide it neceasa1t and Identify by block number)

This report documents the development and design of a 5kW neat
methanol reformer for phosphoric acid fuel cell power plants.
The reformer design was based on utilizing burner exhaust as
the source of water required for reforming. This approach was
arrived at after evaluation of several system options. A de-
velopmental unit was tested, and test data is documented indi-
cating that all design objectives were met except for start-lip
time.

ADo n EDITION OF I NOV 65 IS OBSOLETE

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

.~~~~~~~~~ .' "' ;,m,_,-- -.- •_ d -,-.----- -, . . . .: .' ." .' .' .' 4.' . .' _:. h'' ,-. ' ' '° ''% -.-. J '""''' - ---- l " -- . . t ,



i °.- .-...

ENERGY RESEARCH CORPORATION '.',

SUMMARY

A 12-month project was conducted for the development of a

methanol fuel processor to produce hydrogen fuel for a phos-

phoric acid fuel cell power unit. The fuel processor is based

on steam reforming of the methanol using water vapor obtained by .

combustion of fuel cell stack anode tail-gas with ambient air.

In contrast to conventional steam reformers, this approach

avoids introduction of liquid water at the reformer inlet.

Vaporizer heat requirements are reduced substantially, and .

water condenser and fuel premix equipment are eliminated.

Mass and energy balance calculations were performed for

four candidate power unit system configurations. A preliminary .

fuel processor design was developed for use with the preferred

power unit system design. The burner and vaporizer for the fuel

processor were built and tested. Based on the results of these

tests, a 5kW rated fuel processor design was developed and

evaluated.

The fuel processor met the anticipated power unit re- '.I
quirements for fuel conversion efficiency and weight. Startup
time was 30 minutes instead of the projected 15 minutes. The

test results were used to generate a modified developmental

design which projects improved start-up and system integration

features.
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PREFACE

This effort was conducted under the direction of Dr. Larry

Christner, with advisory support from Dr. Baker, Dr. Maru, Mr.

Abens and Dr. Farooque. The Program Manager was Mr. Steinfe L.
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1.0 INTRODUCTION -

The development of small methanol fuel cell power units

has so far evolved with methanol-water mix as the fuel. Hydrogen ..

for the fuel cell stack is generated by steam reforming of this

fuel over a low temperature shift catalyst. This approach

results in a simple power plant system design, but complicates

fuel supply logsitics because of the need to mix the methanol

with water. The mixed fuel also has a lower energy content, an

important drawback for remote power applications.

Energy Research Corporation (ERC) has been pursuing ap-
proaches for operation of the fuel cell power unit on neat

methanol. Recently, ERC completed acceptance testing of a 5kW

neat methanol power unit built for the Air Force under Contract

F33615-82-C-2201. In this power unit, water was recovered by

condensation from the exhaust streams and mixed automatically in

the required proportions with methanol prior to steam reforming. i 0

This approach was further developed by building and testing a 3kW . "

neat methanol brassboard power unit for the U.S. Army under

Contract DAAK70-79-C-0249.

This report describes a 12-month effort toward the de-

velopment of an alternate approach to processing neat methanol

in a fuel cell power unit. This approach is based on re-

circulation of combusted anode exhaust from the fuel cell stack

to the reformer, eliminating the condenser and the fuel mixing

tank. The scope of the project included:

0 Overall fuel cell power unit system analysis.

0 Conceptual de: gn of the fuel processor. S U

* Design develop,,*nt of key fuel processor com-
ponents.

& Fabrication of a complete 5kW rated fuel pro-
cessor.

a Testing of the fuel processor with simulated
fuel cell stack gas streams.

a<e Nc. 9



L

ENERGY RESEARCH CORPORATION

The minimum performance requirements and the ar:-ftie;'-mts ..

of the reformer established for this project are shown. L1 !ble

1.2

TABLE 1.

NEAT METHANOL REFORMER SPECIFICATIONS

REQUIRED DESIRED ACH,-JXYTD

METHANOL CONSUMPTION
(L/hr)

Rated Load 7.75 4.0 4.7

50% Rated Load 7.75 2.0 2.

WEIGHT (Kg) 114 50 1

STARTUP TIME (min) 15 5 31&

METHANOL FUEL QUALITY OM 232 OM 232 with 5% CMI 23.2
higher alcohols..
or hydrocarbons

PRODUCT GAS QUALITY

% H2 , minimum 25 25 2 9

% CO <3 <1 L~

D-igeNo. 1
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2.0 POWER UNIT SYSTEM CONFIGURATION I
The development of a fuel processor that can operate on neat

methanol was initiated by evaluation of various options in fuel 1%

cell power unit system configuration. Among the options avail-

able, two categories can be identified:

" Water recovery by condensation

" Water recovery by vapor recycle

The second category was chosen for this effort because it

requires no condenser or liquid water metering. The water needed

for reforming is provided by recycling water vapor available in

stack exhaust gases and by partial oxidation of methanol. Four

possible power unit system configurations were evaluated: .

System #1 - Partial Oxidation with Air

System #2 - Cathode Exhaust Recycle

System #3 - Cathode and Anode Exhaust Recycle

System #4 - Anode Exhaust Recycle and Air

These systems are illustrated in Figures 1 and 2, and their key

features are summarized in Table 2.

System #1 requires no recycle and obtains water by the

partial oxidation of methanol. This is the simplest, but least

efficient system because methanol is combusted to generate water

for reforming. The unused anode hydrogen and moisture in the

stack exhaust are not utilized.

System #2 utilizes the cathode exhaust to provide oxygen

for partial oxidation of methanol and recycles some of the

moisture in the cathode exhaust. The anode exhaust hydrogen

again is not utilized. This system is more efficient than System

#1, but requires a recycle blower on the cathode exhaust, and a

means to control the flow rate of the recycled gas.

Page No.-
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CONFIGURATION #1
NO RECYCLE

REFORMER/
SHIFT ICATHODEI

METHANOL 9 AOIE

CONFIGURATION #2.......... CATHODE

CATHODE RECYCLEEXAS

REFORMER/

METHNOL VAPORIZER BURNER

L AIR-

CATHODE GAS TO OXIDIZER

FIGURE 1.

SYSTEM CONFIGURATIONS 1 and 2

Page No.12
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Lu EXHAUST

IkI

CONFIGURATIO3N #3 *~
AERECYCLE

APORIZER ND XAS

METHANOL ANDEGS O XDIE

CONFIGFIGURE 2.

SYSTEM ~s CONIGRAIOSODadE

LOER -. " .
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TABLE 2 
N

_ _ _ _ E _ __IUATO IPIN
V-

SYSTEM FEATURES EFFICIENCY COMPLEXITY .~

1No recycle Low Low 1
Air Oxidation

2 Cathode Medium Medium
Recycle

.33 3Cathode & Highest High
Anode Recycle

4 Anode Recycle High Medium -

adAir Oxi-
dation

Page No.14
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System #3 recycles both anode and cathode exhausts, and as

a result obtains the highest efficiency. In this configuration,

anode exhaust is burned using the oxygen in the cathode exhaust.

The product water is utilized in the reformer by recycling the

combusted anode exhaust. This configuration requires recycle P..
blowers on anode and cathode streams and a flow split of the

cathode exhaust making the system more complicated to control.

The elimination of the cathode recycle from System #3 re-

suits in a simpler system design with a minimum loss of ef- 4
ficiency. This system (System #4) was adopted as the basis for

the 5kw reformer development.

Relative efficiencies of Systems #2, #3, and #4 are shown

in Figure 3. System #2, with cathode recycle, results in the

lowest efficiency, which declines with increasing H 2 0/CH3 OH

ratio since more CH30H is oxidized to obtain higher H20/CH3OH

ratios, leaving less CH30H to be reformed to hydrogen.

Systems #3 and #4 show significantly higher efficiencies

because water is derived by combusting anode exhaust hydrogen, .

rather than methanol. System #3 shows slightly higher ef-

ficiencies than System #4 due to the moisture utilized from the

cathode recycle. However, System #4 is simpler to control since

the cathode stream is decoupled from the fuel processor.

Of the four options evaluated, System #4 appears to be most

attractive because of:

* Relative simplicity of operation and control,

* High efficiency,

* Achievement of thermal balance with high anode fuel
utilization.

Page No. 15 ~
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Gross Power 7.25 kW Anode utilization = 0.80
Cithode Uitilization = 0.50

Cathode & Anode ~
26Recycle 

-

Anode Recycl.
and air

2'5

Efficiency =Net Power 5.0 kW4 X 3414 BTU

Z4L11V MEON1 X lb moles MEOH Kw1]R
HR 274698 817! - lb moles MEOH

lb mole NE011 " HR-

,n23

2-

CATHODE RECYCLE -

20
1.0 1.1 1.2 1.3 1.4 1.5

1120/01I3 011

NET SYSTEM EFFICIENCY

Cross Power 7.Z5 kWl Anode Utilization = 0.8C
Cathode Utilization = 0.50 a .

System 3

System 4

2.4

System 2

12.8

1.0 . 1.2 1.3 1.4 1.5

11201CII 3011

HYDROGEN PRODUCTION

FIGURE 3.

Rage No. 16
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3.0 FUEL PROCESSOR CONCEPT DEVELOPMENT

The fuel cell power unit system chosen for development is . .

System #4 and is enlarged in Figure 4, for clarity. The fuel

processor is defined within the dotted line. This system

operates on anode exhaust and air. A portion of the burner

exhaust is recycled to provide the water for reforming. "

The fuel processor concept was developed based on the

following key criteria:

0 75% anode fuel utilization in the stack at full
load

0 65% anode fuel utilization in the stack at part
load (idling condition)-2.. '

* Constant recycle blower speed for all load
conditions

Design basis operating conditions are shown in Table 3.

3.1 HEAT BALANCE

Figure 5 shows the heat balance for the reformer and the S...
heat duty for the recycle heat exchanger at anode fuel utiliza-

tions of 75% and 80%. At 75% anode utilization and a H2 0/CH3 OH

ratio of 1.22, the excess heat in the reformer will be 5500

BTU/hr. This heat will be lost to the surroundings. The recycle

heat exchanger at the same conditions will require a heat load
.4"

of 2700 BTU/hr.

Figure 6 indicates that at part loal conditions, (4 kW

stack) the excess heat in the reformer will be 4590 BTU/hr at .

an anode fuel utilization of 65% and a H20/CH 3OH mol ratio of

2.28. This indicates that a heat balance can be maintained as

the load varies from full load to part load conditions. In order

to reduce control requirements, constant recycle blower speed

* was chosen.

'Dn-e No. 17 t.
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CONFIGURATION *4

STACK

OXIDPOIZER ANODE EXHAUST

METHANOL 
AIR

FIGURE 4.

5kw NEAT METHANOL FUEL PROCESSOR SYSTEM

Page No. 18
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TABLE 3. "

5kW NEAT METHANOL FUEL PROCESSOR
DESIGN BASIS-OPERATING CONDITIONS -

STACK OUTPUT, kW 7.25 4.0

° .

Anode Utilization, % 75 65

Cathode Utilization, % 50 50

H20/CH 3OH at Reformer Inlet 1.22 2.28 -

Reformer Heat Load, (BTU/Hr) 5479 4590

HX Heat Load 2700 2643

Recycle Gas Flow Rate (Actual Ft 3/Hr) 894 892

Product H2 Concentration, % 31 19.9

CO Concentration, % 1.3 .3

Fuel Flow, LB/Hr 8.16 4.35

Oxidizer Air Flow, SCFH 195 135

Page No. 19
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7000 LGross Power 7.25 kW
700Cathode Utilizatjon=0.5 -*

5000

E-~~~~ 500Rfre

4000 0.75 AU

3000 Recycle Heat Exchanger ~A

2000

1000

0 0.80 AU
10111.2 1.3 1.4 1.5

AU=Anode Utilization 2 /HO

FIGURE 5.

REFORMER AND RECYCLE HEAT EXCHANGER HEAT BALANCE I

16~000

14000 GRPUSS POWER KW'

0.s( 50
I :000 Anode

Utilization

10000

Ined

L't ii i~at ion

.1 12 1.4 1' 6 2.0 2.2 2.4 2 .

HI 10 /CHl30H

FIGURE 6.
REFORMER HEAT BALANCE AT PART LOAD

Page N'o. 20
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Figure 7 indicates that the H20/CH 3OH mol ratio increases P
as the load decreases. At rated load, the water to methanol mol

ratio is 1.22:1.

3.2 AIR AND FUEL REQUIREMENTS P

Air and fuel requirements of the fuel processor are shown

in Figures 8 and 9. The hydrogen concentration in the fuel gas

to the anode is shown in Figure 10. The curves indicate that

higher H20/CH 3OH mol ratios and higher anode utilizations pro-

duce lower H2 concentrations. This is due to dilution by the

recycle gas as H20/CH30H mol ratio is increased by increasing the

recycle flow rate. The equilibrium CO concentrations are

reduced by increasing H20/CH3OH mol ratio due to the CO shift

reaction and the diluting effect of the recycle gas as seen in

Figure 11. Figure 12 demonstrates the recycle heat exchanger

heat duty at part load, and Figure 13 shows the recycle blower

flow rate at full load.

3.3 CONFIGURATION AND OPERATION

The conceptual design of the fuel processor is shown in

Figure 14. Stack anode exhaust is combusted with air over a

platinum catalyst in the center annulus to heat the middle

annulus where methanol is vaporized. A portion of the combustion

product is recycled back into the vaporizer annulus which

contains a stainless steel wick material for absorbing the

liquid methanol. The catalyst bed is in the outermost annulus

and is heated by heat transfer from the vaporizer and by the

sensible heat of the inc.: ing gases. The top of the bed is cooled p

by the inlet of the vapori-er section to minimize CO and maximize

H2 production. The dimensions and weights estimated for this

processor design are summarized in Table 4. .-. '

3.4 MATERIAL AND ENERGY BALANCES

Material and energy balances were conducted for a number of

operating parameters to determine their effect on the per-

- . - o INC. 21
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03 Anode

f")~~~1 A1,1c tt i I ,1

893 1511 Design Condition ~

FulI Part 0
Load Load

I.~~~1 6.. I 1.8 0 22 2. 2' v

N1'.2 2 2.2 8

FIGURE 7.

RECYCLE BLOWER FLOW RATE AT FULL LOAD AND
PART LOAD CONDITIONS

* 0
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I ' . LOAD

IART LOAD

.4) Q A n o d c

Ano~ie
Full ~ 7- Par Ii miti

Lod9oa

1.22 Iou 2.2

o. ~ IG R 8.LIIia o

13 5

I) -i

Ful Par V[ I 1,1t ,11
Lod oa

0.6 AndAUijzt

0 - .80 A.U .

-0 Att Ot Rf

FIGURE 9.
RECYCLE AND FUEL FLOWS AT FULL LOAD
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- * Reformer Exit Temperature 400OF

A-Anode utilizationl

19 .9

0.5 AU
0.6 AU

15 0.7 AU -

0. 81 AL

FullI Part

10Load Load

5 
AU Anode Utilization

1.0 1.2 1.4 1.6 1.8 2.0 2. 2 -",2 .4 2.6 2.8 3.0
1.22 22

Mol Ratio

FIGURE 10.
HYDROGEN CONCENTRATION AS A FUNCTION OF H20/CH3OH MOL RAT:3

AU =Anode Utilization

1. . 1.8 2 .,

II~/I )IMol Ratio

FIGURE11
CO CONCENTRATION AS A FUNCTION OF H20/CH 3OH MOL RATIO
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- 00Gross Power 4.0 kW

4000 _4r.50 Anodle

.70 Anode

E- 2000

1000

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

120/0130,1 Mol Ratio

FIGURE 12.
RECYCLE HEAT EXCHANGER AT PART LOAD

A I

(GlU)5S POWFRl 7.25 KW s
All

000

AU=Anode Util.,at ion1

.0 1.11.2 1.3 .

1120/01!3('11 Mol Rat in

FIGURE 13.
RECYCLE BLOWER FLOW RATE AT FULL LOAD
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TABLE 4.

5kW NEAT METHANOL FUEL PROCESSOR
CONCEPTUAL DESIGN

Overall Length ..... .............. 24 inches

Overall Diameter (without insulation) . 5 9/16 inches . -.

Catalyst Volume .... ............. 0.20 ft3

GHSV 1 at Reformer Inlet .. ......... 3500

Catalyst Loading .... ............. 11.97 Lbs

Estimated Weight ............. 75 Lbs.

1 GHSV at inlet based on gas volume at 60°F and 760 mm

* Hg pressure.

P~age No. 27
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formance of the overall system. The key parameters of the

material and energy balance are shown in Table 5. The complete*...-

node array analysis for the system is given in Appendix A. The

baseline design compositions and flow rates at full load are

shown on page A-3. Baseline design compositions and flow rates

at part load are shown on page A-4.

-i c;e r\!0. 2
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TABLE 5.
MATERIAL AND ENERGY BALANCE CONDITIONS - i,

CONDITIONS EVALUATED

FULL LOAD PART LOAD FULL LOAD
(7.25 kW) (4.0 kW) DESIGN

PARAMETER GROSS POWER GROSS POWER CONDITION CHOSEN

Anode .65, .70, .75
Utilization .80 .65 .75

Cathode
Utilization .50 .50 .50

H2 0/CH3OH At
Reformer Inlet 1.1, 1.3, 1.5 2.28 1.22A

Anode Exhaust
Combustion Air Stoichiometric Stoichiometric Stoichiometric

Page No. 29
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ENERGY RESEARCH CORPORATION

4.0 PRELIMINARY FUEL PROCESSOR DESIGN

The preliminary fuel processor design was based on the

system analysis and the material and energy balance. The key

components of the fuel processor are:

0 a combustion tube for oxidation of anode exhaust

0 a methanol vaporizer

a a reforming/shift catalyst bed

4.1 COMBUSTION OF ANODE EXHAUST

The approach chosen for this design was to use catalytic

combustion utilizing platinum catalysts only. Catalytic com- .

bustion can be efficient at low excess air levels, possibly :.-.

approaching stoichiometric. This would increase adiabatic

flame temperatures and reduce the work load of the combustion air

blowers. .

Based on previous subscale testing, the combustion tube was

sized at 1 1/4 inch diameter and 24 inches long. The platinum

catalyst chosen for the combustion tube was a spiralled platinum

monolith.

4.2 VAPORIZATION OF METHANOL

The vaporizer design for this fuel processor includes a
wick vaporizer. The wick vaporizer was tested and used in

subscale boilers and reactors in previous work and was found to

operate smoothly. The advantage of the wick vaporizer is that

it spreads the liquid over a large surface area for good heat *
transfer. The wick material can be catalyzed thereby promoting

some catalytic decomposition of methanol and hydrogen pro-

duction in the vaporizer. This takes some of the reforming load -.'-".

off the catalyst bed, easing the heat requirements in the--

reforming zone.

P a. .o .3-1
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Wick temperatures were used to determine ac wf~dt point

along the wick all of the liquid was vaporized. 1i 3 rxnje tube

tests it was found that generally all the methanol was 'a~ rized

within one inch of the inlet. The wick material ke-e ctb aiquid

against the heated surface resulting in good heat ,-n-_,r and

rapid, smooth vaporization.

4.3 REFORMING/SHIFT CATALYST BED

The size of the catalyst bed was determined fcm p~evious ".

experience with the Army 3 kW power plant (Contract Z,'-ZC-79-"

0249), and was scaled up directly. The preliminary dseicym was

specified as follows:

Catalyst Volume: 0.2 Ft3

Catalyst Loading: 11.97 Lbs.

Catalyst: UCI T2107 RS

The chemical and physical properties of the c.at.a-vst are

shown in Table 6.

Figure 15 depicts the preliminary fuel procesa ,Qr , and

Figure 16 shows a photograph of various components oj t.'he fz°el

processor.

-e • 32
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TABLE 6.

TYPICAL CHEMICAL AND PHYSICAL PROPERTIES
OF UCI T2107 CATALYST A

Chemical Composition Weight % (Oxide Basis)

CuO...............................43.0 + 4.0-

ZnO.........................20.0

A1203 . . . . . . . . . . . . . . . . . . . . . . 30.0

Cr2 3 . . . . . . . . . . . . . . . . . . . . . . . 3.2 + 0.4

S .. . 0 0

* Physical Properties

A. Bulk Density, lbs./cu.Ft. 70 + 5

B. Surface Area, m2 /g.............130 + 30
_ IL

C. Pore Volume, cc/g.................0.25 -0.35

D. Crush Strength, lbs. DWL ...... 10 minimum

E. Form.....................1/8"xl/8' tablets'

S .- ' -~ 33 0



L. DESCRIPTION

I COMBUSTION TU BE

2 PLATINUM MONOLITH

3 VAPORIZER TUBE

4 FELT WICK 7" LONG

5 REFORMER TUBE

6 INSULATION

7 CAP (Reformer Exit)

8 CAP (Reformer Inlet)

9 CAP (Conibustion Tube Inlet)

~ .~10 TUBE (Vaporizer Methanol l.)

11 SCREEN (Pertorated)

12 VAPORIZER G;AS. INLET

13 -ruIN( l:

14 UNIONTE

ZS

K>F1

I'll, -i 1

PR~~ ~ ~ /LMN YFE R0 ISRM.1
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ENERGY RESEARCH CORPORATION IV

5.0 COMPONENT TESTING I

The preliminary design described in Section 4.0 was first

evaluated by testing the combustor and vaporizer as separate

components. The test facility flow schematic for the complete .. 2

fuel processor is shown in Figure 17. The gas composition

required was arrived at by metering the required amount of CH3OH,

H20, C02 N2, H2 and air, and preheating the mixture to the

required temperature. Instrumentation included thermocouples,

pressure gauges, pressure differential gauges, and gas flow

meters. Gas composition was determined by gas chromatography.

Test conditions were defined at full load (7.25 kW) and part load

(4 kW) reactant flows.

5.1 COMBUSTION TUBE

Figure 18 illustrates the test configuration for combus-

tion tube testing. Tests at 4 kW (idle power) flows indicated p
that the maximum bed temperature achieved was 10100 F, and the . -."

maximum wall temperature was 10260 F. Hydrogen combustion was -.-

93.4% complete, and oxygen was 94.9% consumed, using stoichio- --- - -

metric air.

At full load flows, complete hydrogen combustion was a-

chieved with 16.3% excess air. Maximum bed temperature was

1165 0 F and maximum tube wall temperature was 11460 F. Without

excess air at full load conditions, the inlet wall temperature ..

was reduced by about 300 F, and the exhaust gas contained 0.17%

H2 . Figures 19 to 23 depict combustion tube temperature profiles

and exhaust gas compositions for part load and full load flows.

The pressure drop in the combustion tube was 67-84 inches
of water (part load and full load conditions). A larger diameter

tube was used in the subsequent design to reduce the pressure ""

drop.

De No. 37-
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Pa DeCd 21 1/2' Long ______________

* '1200

1000 Wall TIC

=> Test: SkW 006

< 600-Oxidant: Stoichiometric Air
cc

(L Flows: Part Load (4 kW)

w Time: 6.83 Hours

20-

0 2 4 6 8 10 12 14 16 I8 20 22 24

COMBUSTION TUBE LENGTH ---

FIGURE 19.

COMBUSTION TUBE TEMPERATURE PROFILE -PART LOAD
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Test: 6 kW06
Oxidant: Stoichiometric Air

0.6 -Flows: Part Load (4 kW)

W0.4 H2

.~0.3

* 0

0.2 A ___________C

0.1 02

0

60

p N2

50

40

LU

30

20 A A H 2 0 a..

10

0 1 2 3 4 5 6 7

* TIME .hours

FIGURE 20.

COMBUSTION TUBE EXHAUST GAS COMPOSITIONS-
PART LOAD

-age (,o1. 411



ENERGY RESEARCH CORPORATION

Fit Bed 21 1/2' Long J

1200 -Wall T/C

1000 S

rZ .

:3Test: 5iN tcr7 p
ccOxidant: !cer. Air
CL ~Flows: 715 KIM Gns

Time: 5 11V2 i-quur-r.

0 2 4 6 8 10 12 14 16 23 22 24

COMBUSTION TUBE LENGTH

FIGURE 21.

COMBUSTION TUBE TEMPERATURE PROFILE -FULL 10~AD
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I Pt Bed 21 1/2' Long

1000-

Test: 5kW 007

< 600-Oxidant: 16.3% Excess Air
Lu Flows: 7.25 kW Gross

2 (FULL LOAD)
I-Time: 2 3/4 Hours

0 2 4 6 8 10 12 14 16 18 20 22 24

COMBUSTION TUBE LENGTH

FIGURE 22.

COMBUSTION TUBE TEMPERATURE PROFILE -FULL LOAD AND EXCESS AIR
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.1- 18.3% Excess AirW ..-. Stoichiometric Air

0.7 .1

u;0.5 3

. 0.4-
0

0.3-

0.2 H2 =0.0 0

0.1 Co =0.0 H

0 1 2 3 4 56

HOURS

Li ON 2

40-

* 30 -,, O

0 20- A A HO

10-

0 1 2 3 4 5 6

* HOURS

IIGURE 23.

COMBUSTION TUBE EXHAUST GAS COMPOSITION FULL LOAD
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5.2 METHANOL VAPORIZER 1P

Figure 24 illustrates the vaporizer tested. Tests were

conducted at part load (4.36 lb/hr flow) and full load (8.17

lb/hr flow). In both cases all the methanol was vaporized within

the first inch of the wick. The wick vaporizer appeared to

function smoothly, and resulted in very rapid vaporization of

the methanol. Temperature profiles in the vaporizer and com-

bustion tube are shown in Figures 25 and 26. A photograph of the

vaporizer mounted in the test facility is shown in Figure 27.

Although vaporization of the methanol was accomplished

effectively in the wick vaporizer tested, the temperature of the .""

fuel gas leaving the vaporizer was not as high as desired because

of heat transfer limitation between the combustion tube and the

vaporizer.

The heat duty required for heat transfer from the com-

bustion tube to the vaporizer is 9072 BTU/hr. The actual heat

transfer obtained was 2961 BTU/hr. Therefore, an increase in

heat transfer by a factor of 3 was required. This necessitated

a design modification which provided the additional heat trans-

fer area to meet the requirement..

- Re " o. 4°5
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TO GC GAS ANALYSIS

METHANOL SIMULATED RECYCLE
GAS 3500 F

WICK VAPORIZER HELICAL PLATINUM
.125' THICK MONOLITH CATALYST t

BED T/C >-~.. -'-- BED T/C

316 S/5 TUBE .035 WALL

WALL
TIC

TO GC GAS ANALYSIS - _ tK
AIR -

SIMULATED
ANODE EXHAUST

FIGURE 24.

CATALYTIC ANODE EXHAUST COMBUSTOR WITH VAPORIZER
5kw METHANOL FUEL PROCESSOR
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1600- P. -
oCombustion Tube Bed oi Vaporizer Wick

140Vaporizer Wall e Vaporizer Gas

120 [ombustion Gas Methanol + Recycle Gas - -

1001y

Lj- 00- est# 5kw 008

0~~Tm 1.4 4Hou02 4rs8 0 2
RECORLN0T ice

Uj Flws UGros

QTUR 2.
VoRZRADCMUTOTUETMEAUEPOIEAPATLD

400-

200eN- 7

0
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1600
o Combustion Tube! Ocd o Vaporizer Wick

Vapor-izer Gas Vaporizer Wall
1400

120Combustion Gas Methanol + Recycle Gas

1000

800 Test# A 00 tf9
I.'- Time 6 Hours

Flows : .25kW Gross

LdL

10 '2 4 6 8 10 12 14 16 18 h '24.
REACTOR LENGTH ,inches

'TGURE 26.

VAPORIZER AND COMBUSTION TUBE TEMPERATURE PROFILE AT FULL LOAD
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6.0 DESIGN AND CONSTRUCTION OF THE REFORMER ,

Based on the results obtained with the prelimnary design

components, the reformer was redesigned as shown in Table 7. "-]

Pressure drop and heat transfer considerations used to arrive at

this design are given in Appendices C and D, respectively.

A photograph of the key components are shown in Figure 28,

and the assembled reformer can be seen in Figure 29. A cross-
sectional drawing of the reformer is shown in Figure 30. p,

The overall weight of the reformer is 46 lbs. The weight

breakdown is shown in Table 8. '.1

,, 5 1. .
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IAET.4.0L FE~b TvsL

~' PjEL

II~3 I 3
4 TTWIsS

.44

F I di ~i .
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FIGURE 30.
5kW NEAT METHANOL REFORMER AS TESTED
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TABLE 8

REFORMER WEIGHT BREAKDOWN

COMPONENT WEIGHT, grams

Combustion Annulus (I) with Spacers 1,570

Vaporizer Cap 490

Reformer Upper Ring 40

Combustion Gas Flow Distributor
and Combustor 470

Plug Assembly with Insulation 3,320

Combustion Tube 2,760

Reformer and Vaporizer Assembly 6,110

Catalyst 6,090

TOTAL 20,850 grams

(45.93 lb)

The total weight does not include external insulation.

Page No.56
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7.0 FUEL PROCESSOR TESTING .. ._

The objective of this series of tests was to verify per-

formance of the reformer at full load (7.25 kW) and part load (4

kW) conditions, and to test startup and transient load oper-

ation. X7

Testing was carried out in the following sequence:

0 Combustion of anode exhaust in catalytic burner - prior to

complete assembly of reformer.

0 Reforming at 7.25 kW flows with N2 heat up.

0 Reforming at 4 kW flows with N2 heat up.

0 Startup at 4 kW flow conditions.

* Startup at 4 kW flow conditions and transient to 7.25 kW ,.
flow conditions.

The flows used during these tests are summarized in Table -

9, and Table 10 summarizes the tests conducted. A summary of the
performance of the fuel processor is given in Table 11.

7.1 COMBUSTION OF ANODE EXHAUST

The combustion of simulated anode exhaust at idle (4 kW) and
full load (7.25kW) conditions was tested prior to the instal-
lation of the catalyst bed and vaporizer sections of the re-

former. The parameters tested included fuel flow rate and excess

air rate. The reformer temperature profile is shown in Figure
31. The effect of excess combustion air can be seen in Table 12.

The tests indicated that adequate combustion was obtained.

However, combustion at full load flows was better than at part
load flows. Excess air tested was 2% to 10%. Unconverted "
hydrogen detected was 0.19% at part load and 0.1% at full load, '.

inititally. Subsequent tests at full load resulted in un-
converted H2 of .03%. The unconverted hydrogen decreased with .

excess air and increasing (part load to full load) flows.

Pgve r\lQ. 57 4
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TABLE 9.

FLOWS USED IN REFORMER TESTING

4 kW 7.25 kW
COMPONENT RATED FLOW RATED FLOW

BURNER VAPORIZER BURNER VAPORIZER -

CH3 0H (CC/min) -41.61 -78.02

H20 (CC/min) 36.5 42.22 32.9 42.5

N2 (SL/min) 156.5 155.4 147.7 142.16

H2 (SL/min) 25.2 -32.9 I
CO2 (SL/min) 99.8 76.54 130.36 90.13

Air (SL/min) 62.6 -78.3

ft--I
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: TABLE 10.-

'." ~~SUMMARY OF TESTS CONDUCTED ,... -
"', ~~ON MODIFIED REFORMER DESIGN .. ':

.TEST
. GARIYES CONDITIONS RESULTS f

Sk 1%, 016 4 1,%. Flow Combustion U ...... lated combustor yielded

850"l
- 

gas and 0.19% unburned H2 .  '= '- "

5kW 017 '.25 kW Flow Combustion Umn~ulated combustor yielded .-- ,-,
962°]" gas and 0.1% unburned H2 .

Exces T L E A 0. C..'0

5kh 09OIE .25 k Flow Refor g. 10% 99.2% Conversionof methanol and"

Excess Combustion Air 1.06% CO after additional insula-

lion. , .. . -. -

51,11 017 7.25 hRV Flow Ceomsin 27 Ruinae combustoar yielde

Excess Air. excess a nr does not affect per-
forman0e adversely. 99.85% e on-

sversion of CeiH exit O at 1%.

5kts 021 7.25 kW gross flow. H2OiCH30H Methanol flow distribu aon prob-

=1.3 stoleh....tri ..... to o .... lem persists ..... hanol .....nver-. :
er. sion 9C.66t due to low tempera- - .

ture in one side of catalyst bed

5kW 022 7.25 k%% gross flow. Ho I3H Preheating combustion air to "
E s A-2-, exeess comuson 427°F increased ombustion gas
air simulated ar preheat. temp.52mee 9methanoldcornversion

orion of to exit9% COD atgherat

51kW
' 

023 4kl11 gross flow design coniidtion. Low hydrogfen level in exit gas "
.:. ~ ~~~~~~indicates leak in system. Shultdown ". = ,, .='

for repairs to fix leaks and poor ,. .methanol flow distribution. pob

5k%1 024 4k.3 part load flows after meth- Improvement in temperature pro-

anol feed tue modification, and file uniformito. Exit gas eompe-
1eak rep. lr. sleon Approximately ls expected.

McOH conversin 91.1%.

5kV 025 4kI part load low.s With Smu- Preheating combustion air in-

It2d preheated (250F) ecombus- creases catyst bed tem raturessti

lion air and additional insulation 5,-65
0

F, and improves methanol
ion top of reformer. onversion by 3.21, O hg943

Complete HI2 Combustion in burn- """ . .%

1.

5kW 026 7.25 kW full load flow with simu- Improvement in temperature pro-
d prehe,.ted (2500F) combus- file uniformity. issem conversion

for r in air. 83.f% i lek 0.8a. :3 .
5kW 027 Start-up at 4 kW methanol flow Strt-up conditiono flowhed within

311 S[ i in nir to vaporizer. 33 3n minutes.".,." '... _

SI,/ ... .. .... v, Dust-o...,". .,' .f

SkI; 028 Skurt-up t 4 k methanol flow. leIt-up slower th n test kt 026

40 SL/miI air to fatornzer. 50 wth lower air fows. Exit gas compo-

Su/in repir sitonaproinutlxusexeced

5k% 029 Start-up at 4 kW methanol flow. Pe....trated stro-up and switch .

ue Somn r to vaporizer. 33 to 4 etFf flow endl n, ate 30
t io n air to com ustion swlth minutes 95.1

0
,. diethnol eoraer-

o to 4 k e normn e lows. ,on. CO 0.451. to 94.3

5kW% 030 .arf-up At 4k l methanol flow Transient to 72 flow t eomtlted
31, St.tmin n ir to vaporizer. 33 uder lmUlted conmtitions. tta-

Fl. mn t ombustion swit h 17t bed Filt drnn1 166°F ni-

rain ix ar tobtina

51/i air oa cosio n.MS-11 switn m inutir 051r t-c o no Methaer-

7.25 kb flow. onversion 97%.
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1200,

1100- Catalyst Bed

1000-

900- Combustion Gas -

Outer Annulus

800-

700 P

I- Combustion Gas
Cr 00\ Internal Annulus

500 Catalyst Bed0

W 0-

400 Catalyst Bed

400-

200-

10 NOTE: Catalyst bed temperatures are measured
at two locations 1800 apart

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

REACTOR LENGTH (inches)

FIGURE 31.

REFORMER TEMPERATURE PROFILES
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I Testing with 250OF preheated air resulted in complete combustion

of hydrogen. The Co level measured was 0.04% at full load.

* Reducing excess air to 2% did not have an adverse affect on the

Y performance.

7.2 STEADY STATE TESTING

Initial testing of the fully assembled reformer was at 7.25

kW flows. After insulating the reformer, catalyst bed tern-

peratures of 375-607OF were achieved and 99.85% methanol con-

version was obtained. At these conditions, the Co level was 1%.

In other tests where the catalyst bed exit temperature was lower,

- the Co level achieved was as low as 0.6%. Tests at H2 0/CH3OH of

1.1 to 1.3 were conducted, and only small variations in per-

formance were observed.

Plots of catalyst bed and vaporizer temperatures shown in

Figure 32 indicated that flow distribution in the vaporizer and 90,
the catalyst bed were not uniform. This may be seen by the

difference in temperatures measured at opposite sides of the

reformer 180OF apart. This effect was attributed to nonuniform

methanol fuel flow distribution, which was later corrected by

the use of an improved liquid distribution manifold.

Figure 33 shows the temperature profiles after the modi-%

fication. Here it can be seen that the vaporizer temperatures

0are much more uniform. The temperature dropped to a low of 135-

145 0 F at 4 1/2 inches from the inlet of the vaporizer, and

*increased to 350-485OF at the exit.

Gas analysis at the- exit of the vaporizer indicated that* *
both methanol decomposition and reforming were occurring in the.

vaporizer. Hydrogen content of 1 -5.24% was measured due to

* thermal and catalytic decomposition of methanol, and possibly

- some reforming of methanol over the platinum catalyst in the

vaporizer. Conversion of methanol to hydrogen in the vaporizer

- is desirable since it spreads the thermal load over a larger

area. In addition, the hydrogen maintains the inlet of the

catalyst bed in a reduced state.
':'age No. 63
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TEST 5kW 021

I Flow: 7.25 kW Gross
Time: 5.46 Hours

600-
Inlet

Front Of Catalyst Bed

1 500 p

-Exi

B ac O f C t l s ep......................E i
40 ne

30-

too-

2 4 6 8 10 12 14 it 13 71 22

BED LENGTH. (Inches)

FIGURE 32.

VAPORIZER AND CATALYST BED TEMPERATURE ~LiT~
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800 I.

Test 5 kW 026 .
Flow: 7.25 kW Gross

ine: 4.75 hrs.
700 Preheated Combustion Air Q509 F

600

LL 500 Front Catalyst Bed

cc Back Catalyst Bed

400 Ei
Cr
a.

'-300

Front Of
200 't Vaporizer..., .

Back Of Vaporizer
100

2 4 6 a 0 1 4 16 1 0 2

REACTOR LENGTH .inches

* --7
FIGURE 33.

VAPORIZER AND CATALYST BED TEMPERATURE PROFILE
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Figure 31 depicts temperature profiles in tbi_ Tombus-Ijn .

annulus, catalyst bed and the vaporizer. The temperatozr-e

gradients providing the driving force for heat trinsfer can be

seen in this plot. The outer combustion gas annuixrs proviaes

heat at approximately 1050OF to the catalyst bed iijit wn cb is

operating at 405-510 0 F, a gradient of 540-645 0 F. Tliia xommust--

gas temperature drops rapidly and reaches approxna-iel'_, 95,D.O

within 9 inches. This, essentially, is the reformira mcke of* t -e

catalyst bed as determined by the large amount of et ac.

by the reforming reaction. Further up the reformer the rite of

heat loss from the outer combustion annulus is reduced as ti *,[e

exothermic shift reaction moves to completion. As 9The conmi-

bustion gas moves up the internal annulus, it heat,. the ve,-c-

izer. In the vaporizer the gradient increases as tht temperatuire

of the incoming methanol drops near the top (il1et). of tbie

vaporizer. This gradient causes a sharp increase ii tem-

perature after all of the methanol is vaporized. Preheating amd 0 _

vaporization of methanol is carried out by the exitinq, corm-

bustion gas, which is at its lowest temperature ( 190) as 3t

leaves the reformer. Analysis of the combustion ext-,L gas dur.'°

test 5kW 025 indicated complete hydrogen combustion, and no C&. .

was detected in the reformer exhaust stream.

7.3 START-UP AND TRANSIENTS

During start-up, the reformer operates on metnaaol and Zaix

only. Start-up was tested by introducing the 4 kWmeTh~no f crv Ld

and air into the vaporizer section of the reformei :o partiaa"y

oxidize the methanol, providing heat for vaperi"ation B *m
heating of the reformer to its operating temperature. The .

leaving the catalyst bed was diverted to the reJ)r'mer iunier .i. -

where it was combusted with air.

Results of this testing indicated that the pl.:U ;,: 0_-
was not effective for oxidizing methanol and raiYg , -'

eralure in the vaporizer. Instead, an exothermic r-actic. wa.'ga
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observed at the inlet of the catalyst bed as depicted in the r

temperature profile of Figure 34. This was interpreted as

oxidation of the catalyst and thermal and/or catalytic de-

composition of methanol. This process resulted in a heat-up of

the reformer to operating conditions after 30 minutes.

Analysis of the gas leaving the catalyst bed during start-

up conditions indicated methanol conversion up to 95.1% with hy-

drogen measured at 19.2 - 33%. CO was at 0.45 - 2.39%, and

methanol at 0.3 - 1.23%. During the start-up mode, this gas was

fed to the burner where it was combusted with air to provide

additional heat for start-up.

Figure 35 depicts the temperature profile in the vaporizer

and catalyst bed seven minutes and 4.6 hours after switching from

start-up conditions to 4 kW flow conditions with simulated anode

- recycle combustion gas. The data indicates that even after

switching to normal operating conditions, there is still a .

slight increase in temperature as the reformer operates at 4 kW *..

* flows. This indicates that higher start-up temperatures may be

desired.

A transient test was conducted by increasing the flows to

7.25 kW from 4 kW. Figure 36 depicts catalyst bed temperatures

* at 4 kW and 7.25 kW conditions. A drop in catalyst bed

temperatures of 166 0 F (average) was recorded, followed by a

- temperature recovery. However, after 42 minutes the catalyst

inlet temperatures were still an average of 155 0 F lower with 7.25

kW flows as compared to the 4 kW flow conditions. Overall

methanol conversion at 7. .5 kW flow condition was 97% with CO at
1.12%. Transients under these conditions result in unconverted

methanol levels increasing after the transient, and gradually

" decreasing to the normal level with time.
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START-UP TEST
TEST 5 kW 027

1100 1

1000- CH 3OH: 41.61 cc/Min. (4 kW Flow)
Air: 30 SL/Mln.

Combustion Air: 33 SIMin.

900- Catalyst Bed Exit Gas Is Burned In Burner

800 3

700

u. 600-

W

-C 500-

I-.2

Wp

31 Min.1 M n.

2~~~~~~ Min.1 2141 8 02
* REATOR L dGT (inces)

FIGURE 34..

STR-p1CTAYTBDTMERTR0RFL

cage4 Mi.n.
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- 800

Flow: 4 kW Gross
Preheated Combustion Air 2500 i

700 Start-up On Methanol TEST 5kW 029

u. 00
Catalyst Bed 46 r

Start-up

4 00

Vaorze 4.6 hrMVpoier7.

After Start-up After Start-up
200

NOTE: Catalyst bed and vaporizer
temperatures are measured at

% o two locations 1800 apart.

2 4 6 8 10 12 14 16 18 20 22

REACTOR LENGTH Inches

* FIGURE 35. P
VAPORIZER AND CATALYST BED

TEMPERATURE PROFILE AFTER START-UP
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8007-s

Flow: 4 kW. 7.25 kW TEST 5kW 030

*700 - Preheated Combustion Air 2500 F
Start Up On Methanol: 30 Min.

600(4kAt4hs

U.500

'- 400 A

ul 7.25 kW
a.

2 42 Minutes
W-30 After Switch

From 4 kW

200

* 100

2 4 6 8 10 12 14 16 is 20 22

REACTOR LENGTH .Inches

FIGURE 36.

CATALYST BED TEMPERATURE PROFILE BEFORE AND AFTER TRANSIENT
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8.0 CONCLUSIONS AND RECOMMENDATIONS- -"

A preliminary conceptual design of a neat methanol reformer ..

utilizing burner exhaust as the source of water was developed.

A reformer having sufficient capacity for a 5kW fuel cell power

unit was built and tested.

The reformer weight is less than half of the permissible ii
weight. This allows for additional weight of a recycle blower
and recycle gas heat exchanger. Fuel consumption is also less

than the maximum allowable figure.

Start-up time based on limited testing was found to be

longer than required. Thirty minutes were needed in tests

conducted, whereas 15 minutes is required and 5 minutes desired.

The developmental design incorporates design changes that are

intended to improve the start-up time, and are shown in Figure

37. The changes include:

* longer platinized wick;

* coverage of gas passage holes between vaporizer and re-
former with platinized wick; 4.

replacement of monolith catalyst with additional layer of
platinized wick in the burner.

The quality of hydrogen exceeds the requirement of 25% at

rated load and the CO level is better than the desired level of

1%. At part load the hydrogen drops to 19.4% and the CO is 0.45%.

All the required objectives for the reformer were met with

the exception of startup time. The desired objectives were met
*. or exceeded for weight and quality of hydrogen steam. The fuel

* consumption could meet the desired level if lower parasitic 4

power requirements were assumed. A very conservative parasitic

* power requirement was assumed in the basis for the reformer
* design, requiring a large portion of the fuel flow to generate ... *..;

*. parasitic power. If parasitic losses can be reduced, overall

fuel consumption can be reduced.
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5kw NEAT METILIM31 ]REFORMER
DEVELOPM EN7 ':TiSIGN

-~Plug Subassembly
.~Vaporizer Subassend.1-si

*~Reformer Inner Wa~i Sw~bassembly
_f; Reformer Outer WaLl S&it.a--ssembly

144_-i Outer Combustion nu3z
-- SubassemblyiL '.Burner Sbseb-

Outer Base Subassembly

Anode Exhaust & Air
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i 0 l
Recommendations for future development of this technology ,'.-..

are as follows:

& Testing of developmental design with final modifications is
suggested.

0 Additional testing of start-up and transient conditions is
required.

Incorporate the recycle blower and test reformer in con-
junction with a fuel cell power unit.

Consider second generation design with enhanced heat
transfer (i.e. finned surfaces and other heat transfer -
enhancement) in order to reduce size of the reformer.

Consider lighter weight materials where possible in order
to reduce weight.
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APPENDIX A

NODE ARRAY ANALYSIS -MATERIAL AND ENERGY BALANCES
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ENERGY RESEARCH CORP.
DATE: !2-!3-!924

NODE AFRRAV AN LY ]I S '....

CONFIGURATION #4 0

FLO RATE - lb .ole/hr Press Tema Enthaloy

ODE H2 H20 CO C02 02 N2 CH30H TOTAL ATM Dea-F BTU!hr NODE- _

1 0.000 0.A00 0.no0 0.00 0.000 0.000 0.55 0.255 1.000 60 -2.'924E.04 1

2 0.000 0.312 0.000 0.504 0.000 0.795 0.000 1.611 !.000 300 -l.0 E5 2 .-.-

C.736 0.097 0.031 0.729 6. 000 0.795 0.000 2.377 1.000 400 -1.!B55E+05 3
4 0., 0 .0 0.023 0.000 0.000 0.552 2.076 0.000 2.651 1.000 250 1.0728E+04 4
5 0.184 0.21 0.031 0.729 0.000 0.795 0.000 2.020 1.000 350 -1.413!E+05 5

6 0.000 0.380 0.000 0.000 0.276 2.076 0.000 2.732 1.000 350 -2.3379E+04 6 _
7 0.000 0.004 0.000 0.000 0.107 0.403 0.000 0.515 1.000 70 1.4380E+03 7
9 0.000 0.470 0.000 0.759 0.000 1.199 0.000 2.429 1.000 812 -1.5209E+05 B

9 0.000 0.312 0. A . 001) 0.795 255 I.66 1.000 712 -1.1975E+05 9
. 0.000 0.470 0.200 0.759 0.000 1.199 0.000 2.428 1.000 50 -1.5877E+05 10

II 0.00U 0.159 .1" 0.255 H .000 0.403 0.00 0.817 1.000 500 -5.:420E+04 11 - . .
!2 0.000 3.312 0.000 0.504 0.000 0.795 0.000 1.611 1.000 500 -1.0535E*05 12 X*

CrDMPOSITIN - MOLE ECENT

NODE H2 H'? CO C02 02 Q,2 CH-CH NODE

1 0.) 0.0 0.0 0.0 0.0 0.0 (1 (0.0 I

4 .0 o.9 9.0 0.0 a:, 78: .3 01.0 4. ......

5 9.1 13.9 1.5 36.1 0.0 39.4 0.0
6 0.0 !3.9 0.0 0.0 0.1 76.0 0.0 6

7 0.0 0.9 0.0 0.0 20. 78.3 0.0 7
8 0.0 19.3 0.0 31.3 0.0 49.4 0.0 8

9 0.0 16.7 03.0 27.0 0.0 42.6 13.7 9
10 0.0 19.3 0.0 31.3 0.0 49.4 0.0 10
11 0.0 19.3 0.0 31.3 0.0 49.4 0.0 11
12 0.0 19.3 0.0 31.3 0.0 49.4 0.0 12

INPUT PARAMETERS: OUTPUT PARAMETERS:

NUMPER OF CELLS 79 CELL VOLTABE , V 40.2
CELL AREA . ca2 1070.0 CURRENT DENSITY , mAlcm2 15.BO
G*9OSS POWER . kW 7.25 NET EFFICIENCY (LHV) 24.37.
PA-RASITIC PER COISUMPT!r1 , VA 2.5 STACK HEAT LOAD , BTU/hr 321!3.1
AOE UTILI!4ATIGON 0.75 FEFCRr.ER HEAT LOAD , BTU/hr 547?..
CTHJCE JTLIATIOl 0.50 HEAT EL. HEAT LOAD BTU/hr 2701.4
H:O:,eth.-oi AT REFCRMER INLET 1.22 BLWER FLOW RATE cu. ft/hr 993.
EPCESS (/Er AT BURNER INLET 0.0.

MATERIAL & ENERGY BALANCE - FULL LOAD DESIGN CONDITION
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ENERGY RESEARCH CORP.
DATE: .2-14-194

N3DE iAR AY ANLYS I S 0=4P.. ...

CONFIGURATION #4 0

L T FETE - !b -ole/hr Press Te.w Enthalpy

NODE H2 H20 CD C02 02 N2 CH30H TOTAL ATM Deo-F BTU/hr NODE

1 0.00 0.000 O.C.o 0.ooo 0.000 0.000 0.136 0.136 1.000 60 -1.2741E+04 1
2 . 0.000 0.:10 0.000 0.423 (.00 0.869 0.000 1.607 1.000 300 -9.5178E+04 2

3 0.40? C.IE 1 0 1)f'4 F.55 01.000 0.269 0.000 2.015 !.000 400 -I.0035E*05 3
4 0.000 0.011 0.000 0.261 0.983 0.000 1.255 1.000 250 5.0795E+03 4
5 0.141 0.265 0.006 0.558 0.000 0.869 0.000 1.839 1.000 350 -1.1077E+05 5
6 0.000 0.187 0.000 0.000 0.131 0.983 0.000 1.301 1.000 350 -1.1780E+04 6 S
7 0.0004 0.003 0.000 0. 000 0.073 0.276 0.000 0.353 1.000 70 9.B453E+02 7
8 0.000 0.409 0.000 0.564 0.000 1.145 0.000 2.118 1.000 738 -1.1762E+05 8
9 0.000 0.310 0.'00 0.428 0.000 0.869 0.136 1.743 1.000 638 -I.0008E+05 9 :"''"

10 0.o0 ?.:9 0.,:( 0.54 0. 000 1.145 0.000 2.11 1.000 500 -1.2114E+05 10
11 0.000 0.09 0.(00 0.1,7 0.000 0.276 0.000 0.511 1.000 50 -2.9409E+04 11
12 0.000 0.310 0.000 0.428 0.000 0.e69 0.000 1.607 1.000 500 -9.2535E+04 12

CCPOSITION - MOLE PERCENT

NODE H2 H2O C3 Col 02 N2 CH30H NODE

1 0.0 0., ,.: 0.0 0.0 0.0 100.0 1
2 ).0Q 19.: .o 25.6 01.0 54.1 0.0 2

19.? 8.9 : 27.7 0.0 43.1 0.0 3
a .0 .9 .0 0.0 20.8 78.3 0.0 4

5 7.7 14.4 0. 30.3 0.0 47.3 0.0 5
6 0.0 14.4 0.0 0.0 10.0 75.5 0.0 6 .
7 0.0 0.9 0. 0.0 20.8 78.3 0.0 7
8 0.0 19.3 0.0 26.6 0.0 54.1 0.0 8
9 0.0 17.3 0.( 24.6 0.0 49.6 7.8 9

10 0.0 19.3 (1.0 26.6 0.0 54.1 0.0 10
11 0.0 19.3, 0.0 26.6 0.0 54.1 0.0 11
12 0.0 19. 0.0 26.6 0.0 54.1 0.0 12 0-6

INPUT PARAMETERS: OUTPUT PARAMETERS:

NU ,?ER OF CELLS 79 CELL VDLIAE , V 627.6
CELL AREA , cm2 1070.0 CURRENT DENSITY , mA/cm2 75.2 0
GROSS FCWER . LW 4.00 NET EFFICIENCY (LHV) 25.2"
FARASITIC FC ER CC!NSU.WPTI,, kW 1.24 STACK HEAT LOAD , BTU/hr 13626.1
;,NODE UTIL!ZATICN 0.6. REFORMER HEAT LOAD STUthr 4569.8
CATHO:E UT!LI!ATION 0.5 HEAT El. HEAT LOAD . BTU/hr 2643.0
H"20! etrano AT REFO!RER INLET 2. BLOWER FLOW RATE cu. ft/hr 891.8
ECE:S D'GEI AT URNER INLET 0.0i 0

MATERIAL AND ENERGY BA ,'(E - PART LOAD DESIGN CONDITION

Page No. A-4
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ENERGY RESEARCH CORP. •* DATE: 12-1:-19?4 ... _

L-" N'ODE ARRAFY gtN ILY .-..";

CONFIGURATION #4 0

FLOW FATE - lb ,ole/hr Press Te.. Enthaloy

NOCE H2 H20 CO £02 02 N2 CH3OH TOTAL ATM Dea-F BTU/hr NODE

I 0.000 0.000 0.000 0.000 0.000 0.000 0.245 0.245 1.000 60 -2.2916E+04 I
2 0.000 0.269 0.1.00 0.505 0.000 0.689 0.000 1.463 1.000 300 -1.0466E+05 2

0.695 0.063 0.039 0.711 0.000 0.689 0.000 2.197 1.000 400 -l.1461E+05 3
,4 0.00 0.013 0.000 0.000 O.56 2.093 0.006 2.672 1.000 250 1.0815E+04 4

* 5 0.139 0.257 0.039 0.711 0.000 0.689 0.000 1.835 1.000 350 -1.3725E+05 5
6 0.000 0.386 0.000 0.000 0.270 2.093 0.000 2.757 1.000 350 -2.3796E+04 6
7 0.000 0.004 0.000 0.000 0.089 0.334 0.000 0.427 1.000 70 1.1917E+03 7
8 0.000 0.400 0.000 0.749 0.000 1.024 0.000 2.173 1.000 761 -1.4667E+05 8
9 O.-00 0.26? 0.000 0.555 0.000 0.6B9 0.245 1.708 1.000 661 -1.1697E+05 9

10 0.000 0.400 0.O:) 0.749 0.000 1.024 0.000 2.173 1.000 500 -1.5171E+05 10
i 0.000 0.130 ., 0.245 0.000 .0 0.709 1.000 500 -4.9533E+04 11
12 0.000 ".2 0 0. 5 .000 0.629 0.00 1.463 !.000 $50 -1.0213E+05 12 .

COMPOSITICN - MOLE PERCENT

NODE H2 H20 CO C02 02 N2 CH!OH NODE

1 0.0 'Q.0 i..' .0) 0.0 0.0 100.0 1
0.0 !2.4 ..0 4. 0.0 47.1 0.0 2

31.6 2.9 7:. . 31.4 0. 0 3
4 0.3 0.9 0).0 0.0 20.8 78.3 0.0 4
5 7.6 14.0 2.1 Z8.7 0.0 37.6 0.0 5
5 0.0 14.0 0.0 0.rC 0. 1 75.? 0.0 6
7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7
8 0.0 18.4 0.0 34.5 0.0 47.1 0.0 8
9 0.0 15.8 0.0 29. 1 0.0 40.4 14.3 9

10 0.0 18.4 0.0 34.5 0.0 47.1 0.0 10
11 0.0 18.4 0.0 34.5 0.0 47.1 0.0 11
12 0.0 IB. 0.0 14.5 0.0 47.1 0.0 12

INPUT PARAMETERS: OUTPUT PARAMETERS:

NUMBER OF CELLS 79 CELL VOLIAGE mV 535.8
CELL AREA , cm2 1076.0 CURRENT DENSITY , mA/ca2 160.0 0

* 9GRS5 POWER . kW 7.25 NET EFFICIENCY (LHV) 25.4%
PARASITIC FC1ER CONSUMPTION LW 2.25 STACK HEAT LOAD , BTU/hr 3206.7 :-.''
,.ICE UTILl:ATlIol 0. E0 REFORMER HEAT LOAD , 8TU/hr 2691..
CATHODE UTILIZATION 0.50 HEAT EX. HEAT LOAD BTU/hr 2421.8
K!Oethnol AT REFORMER INLET 1.1(, BLOWER FLOW RATE Cu. it/hr 812.1
EXCESS i,2cGE4 AT EURNER INLET 0.01

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H20/C = 1.1 and 80% ANODE UTILIZATION
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ENERGY RESEARCH CORP. -

J~T~ . ." .°

CONFIGURATION #4 0

FLO'£ RATE - lb aole/hr .rqsB Te 2%rl y f

NODE H2 H20 CO C02 02 N2 CHOH TOTAL ITM: ne{r. 3'lYtIr NODE

1 0.000 0,000 0 000 0.000 0.000 0.000 0.257 0.2 W [,0.h N .*D4 I "-
2 0.000 0.283 0000 0.445 0.000 0.719 0.000 1.447 a. 'tl 30o - 'T7lE+04 2
3 0.735 0.064 0.038 0.664 0.000 0.719 0.000 2.220 F1.oo .0 - 3 . .-
4 0.000 0. 23 0.000 0.000 0..1 2.072 0.000 2.646 r.JuO 2. 1. ,DE4 4
5 0.184 0.259 0.038 0.664 0.000 0.719 0.000 1.864 iL.UO0. -. 9'-Z0 5
6 0.000 0.379 0.000 0.000 0.275 2.072 0.000 2.726 1,l 0 5 -3' 00,' T; 6 . .
7 0.000 0.005 0.000 0.000 0.111 0.417 0.000 0.532 1.i00 7U' !o.8I.3fl +O3 7
8 0.000 0.447 0.000 0.702 0.000 1.136 0.000 2.295 :,.L)fl 263' -!400b 8
9 0.00') 0.263 0.000 0.445 0.000 0.719 0.257 1.705 1uO4 763' .P&I-07f5 9

10 0.000 0.447 0.00,1 0.702 0.000 1.136 0.000 2.285 ;.j U NIO, - !,. ;,ilpfE-'m 10
!1 0.000 0.164 ,.. 0.2]7 0.000 0.417 0.000 0.838 ,19.J Td - 4Q -*), 11.
12 0.000 0.223 0.00 0.445 0.000 0.719 0.000 1.447 1 ,jol: 00 -q.Ysa*04 12

CK HN- ,L ECN

:TODE H2 H2] £0 c 02 02 N) CH3OH NODE

1 0.0 0.0 0.0 100.0 .
2 0.0 !9.s ,'.O -0.7 ,).0 49.7 0.0 2
3 3.1 2. 1.7 2?.9 0.0 32.4 0.0 3
4 0.0 0.9 (.0 0.0 20.8 78.3 0.0 4
5 9.9 13.9 2.0 5.6 0.0 3a.6 0.0 5
6 0.0 13.9 0.0 0.0 10.1 76.0 0.0 6
7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7
a 0.0 19.6 0.0 30.7 0.0 49.7 0.0 8
9 0.0 16.6 0.0 26.1 0.0 42.2 15.1 9

10 0.0 19.6 0.0 30.7 0.0 49.7 0.0 10
11 0.0 19.6 0.0 30.7 0.0 49.7 0.0 11
12 0 19.6 0.0 30.7 0.0 49.7 0.0 12

INPUT PARAMETERS: OUTPUT P)ARETaPS:"

NUMBER OF CELLS 79 CELL VOLTAGE . 3V !.:t. 2
CELL AREA . c22 1070.0 CURRENT DENS "Y , 54ca? 13.5
GROSS POWER , kW 7.25 NET EFFICIENIU LRV ,).;'
PARASITIC POWER CONSUMPTION , kW 2.25 STACK HEAT L1OD . 3.,,hr 3i.1
ANODE UTILIZATIONI 0.75 REFORMER HEAf f .V . 1JT'n 13.6
CATHODE UTILIZATION 0.50 HEAT EX. HEAl . ..119 B :-421 .9
HV2! ethanol AT REFOF.MER INLET B.IQ BLOWER FLOW P#E, cu. ' B03.2
ECEZZ OnHtEN AT PURNER !NLET 0.OX 5 g

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H 2 0/C = 1.1 and 75% ANODE U7J1_TIIATIC M

=- - -
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ENERGY RESEARCH CORP.
DATE: !2-11-1984

C3 )DFE ARRA ANAtd~ c MdkLYS'eE I !S -,

CONFIGURATION #4

FLOW RATE - lb =-.cle/hr Press Tef. Ent.hab"y

N CDE H2 H20 CO C02 02 N2 CH3OH TOTAL ATM Dea-F BTU/hr NODE

I 0.000 0.000 0.000 0.000 0.000 0.000 0.273 0.273 1.000 60 -2.5548E+04 I
2 0.000 0.300 0.000 0.401 0.000 0.753 0.000 1,454 1.000 300 -9.0482E+04 2
3 0.781 0.065 0.07B 0.637 0.000 0.753 0.000 2.272 1.000 400 -1.0184E+05 3
4 0.000 0. 023 0. 0, , 0.000 0.546 2.055 0.000 2.625 1.000 250 1.0623E+04 4
5 0.234 0.264 0.03B 0.637 0.000 0.753 0.000 1.925 1.000 350 -1.2495E+05 5 -. -

6 0.000 0.370 0.000 0.000 0.273 2.055 0.000 2.699 1.000 350 -2.2526E+04 6 .
7 0.000 0.006 0.000 0.000 0.136 0.511 0.000 0.653 1.000 10 1.8232E+03 7
B 0.000 0.504 0.000 0.674 0.000 1.264 0.000 2.442 1.000 965 -1.3790E+05 8 ".
9 0.000 0.30 0.(00 0.401 0.000 0.753 0.273 1.727 1.000 865 -1.0126E+05 ?

10 0.000 0.504 ,0 0.674 0. 100 1.264 0.000 2.44? 1.,1'00 500 -1.4792E+05 10
11 o.':'oO 0. 273 0.000 0.511 0.000 0.988 1.000 500 -5.9845E 04 I1

!2 ).000 0.300 .,,O 0.4(1 0.000 0.753 0.000 1.454 1.000 500 -8.8076E+04 12 .

CCPOCISIT1r1 - MOLE PERCENT

NODE H2 H20 C C02 02 N2 CHOH NODE

1 0.0 0.0 O 0.0 0.0 0.0 1
2 (., 20.6 0.0 27. 0.0 51.8 0.0 2
3 4.4 2.9 1.7 28.0 0.0 33.1 0.0 3
4 0.0 0.9 0. 0 0.0 20.8 78.3 0.0 4
5 12.2 13.7 2.0 33.1 0.0 39.1 0.0 5
6 0.0 13.7 10. 0.0 10.1 76.2 0.0 6
7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7
8 0.0 20.6 0.0 27.6 0.0 51.8 0.0 B
9 0.0 17.4 0.0 23.2 0.0 43.6 15.8 9

10 0.0 20.6 0.0 27.6 0.0 51.8 0.0 10
11 0.0 20.6 0.0 27.6 0.0 51.8 0.0 11
12 0.0 20.6 0.0 27.6 0.0 51.9 0.0 12 0

INPUT PARAMETERS: OUTPUT PARAMETERS:

NUMBER OF CELLS 79 CELL VOLTAGE . 545.6

CELL AREA , cm2 1070.0 CURFENT DENSITY , A/c.s2 157.2 0
ROSS POWER . kW 7.2Z NET EFFICIENCY (LHV) 22. 7.

PARASITIC POWER CONSUMPTION kW 2.25 STACK HEAT LOAD , BTU/hr 31514.4 .

ANODE UTILIZATION o.7A F:EFGRNER HEAT LOAD , BTU/hr 10605.6 .- '-. .

CATHODE UTILIZATION 0.5 HEAT EX. HEAT LOAD , BTUlhr 2406.1
H2O."ethanol AT REFORMER INLET 1.1) BLOWER FLOW RATE c cu. ft/hr 806.9 ,
E"23S OXYGEN AT BURNER INLET 0.07.

MATERIAL AND ENERGY BALANCE

FULL LOAD AT H2 0/C = and 70% ANODE UTILIZATION

Page No. .\-7
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ENERGY RESEARCH CORP.

S 3ATE: 12-11-I4 "- ....
.- .- ..

CONFIGURATION #4

FLO'! RATE - l !.oie/hr Press Te:.o EnthalDy

NODE H2 H20 CO 0C2 02 N2 CH3DH TOTAL ATM Dea-F BTU/hr NODE , f
-------------------------------------------------------------------------------------------------------------

I 0.000 0.0'0 A.000 0.000 0.000 0.000 0.291 0.291 1.000 60 -2.7261E+04 I
2 0.000 0.320 O.0'j& 0.371 0.000 0.792 0.000 1.483 1.000 300 -9.7254E+04 2
, 0.85 .06 0.02 0. 24 0.000 0.792 0.000 2.'56 1.000 400 -9.9481E+04 3 ' -

4 0.001) 0.023 0.00) 0.000 0.543 2.042 0.000 2.607 1.000 250 1.055 E+04 4
5 0.292 0.272 0.039 0.624 0.000 0.792 0.000 2.019 1.000 350 -1.2316E+05

6 0.000 0.361 0.000 0.000 0.271 2.042 0.000 2.673 1.000 350 -2.1683E+04 6 .

7 0.000 0.007 0.000 0.000 0.165 0.621 0.000 0.794 1.000 70 2.2157E+03 7
8 0.000 0.571 0. (00 0.662 0.000 1.414 0.000 2.647 1.000 1066 -!.!319E+05 8 -

q 0 000 o.:,o 6. 00 0.371 0.000 0.792 0.271 1.774 1.000 966 -9.7267E+04 9

10 0. ( 0 .E7! ).'0 P 0.662 0.000 1.414 0.000 2.647 1.000 500 -1.5137E+05 10

II 0.0( ) 0.-51 0. 0.29 0.000 0.621 0.000 1.164 1.000 1500 -6.6550E+04 11- "

12 0.000 0.7320 A.00 0.371 0.000 0.792 0.000 1.483 1.000 50-5 -9.42-E+04 12

CC.pnppTTT Of1- MOLE PEF2EiT L i]
NODE H2 H2 C0 02 02 Q2 CH70H NODE

1 '2.0 0.3 0 0.0 0.0 0.0 100.0 1

2 U.U L, .. : 5.0 <. 5.4 0.0 2
3 35.4 2.? 1' 26.5 o.0 33.6 0.0 3
4 0.1) 0.9 0.0 0.0 . 7B.3 0.0 4

5 14.5 I.S !.9 2'.9 0.0 39.2 0.0 5
-'"6 . 13.5 .0 0.0 10.2 76.4 0.0 6
7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7
8 0.0 21.6 ).0 25.0) 0.0 53.4 0.0 8
9 0.0 19.0 0 20.9 0.0 44.6 16.4 9

10 0.0 21.6 0.0 25.0 0.0 53.4 0.0 10
11 0.0 21.6 (.0 2.0 0.0 53.4 0.0 11
12 0.0 21.6 0.0 25.0 0. 12.4 00 1

INPUT FARAMETERS: OUTPUT PARAMETERS: -

NUMBER OF CELLS 79 CELL VOLTAGE . 5mV.

CELL AREA . cm2 1070.0 CURRENT DENSITY , mA/cm2 156.1 4 E
EROSS FOWER , :w1 7.25 NET EFFICIENCY (LHVI 21..7%
PARASITIC POWER C0SUNPTICN IAW 2.21 STAC: HEAT LOAD . BTU/hr 31170.6

A! ODE UTIILETIO 0.65 REFOFIMER HEAT LOAD , BTU/hr 15394.3
CATHODE UTILIZATION 0.50 HEAT EX. HEAT LOAD BTU/hr 2411.3

H3 'J'Methanol AT R-FrRMER INLET 1.10 BLOWER FLOW RATE cu. itlhr 823.1
EXCESS QiXOEN AT URNER INLET .,

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H20/C 1.1 and 65% ANODE UTILIZATION -

o. N A-
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ENERGY RESEARCH CORP.
DATE: 12-13-1994 -, o

t4 r-== F" i~l :l ir oI'rI c L.%ES I S

CONFIGURATION #4

FLOW RATE - lb -ole/hr Press Temp Enthaloy

lODE H2 H20 CO C02 02 N2 C H3OH TOTAL ATM Deq-F BTU/hr NODE.....................................................................................................................
1 0.000 0.000 0.000 0.000 0.000 0.000 0.242 0.242 1.000 60 -2.2676E+04 I
2 0.000 0.315 0.000 0.619 0.000 0.807 0.000 1.741 1.000 300 -1.2705E+05 2

0.698 0.101 0.028 0.833 0.000 0.807 0.000 2.467 1.000 400 -1.3681E+05 3
4 0.000 0.023 0.000 0.000 0.559 2.100 0.000 2.682 1.000 250 1.OB55E+04 4
5 0.140 0.295 0.028 0.833 0.000 0.807 0.000 2.103 1.000 350 -1.5959E+05 5
6 0.000 0.388 0.000 0.000 0.279 2.100 0.000 2.767 1.000 350 -2.3948E+04 6 -
7 0.000 0.004 0.000 0.000 0.084 0.316 0.000 0.403 1.000 70 1.1263E+03 7
8 0.000 0.438 0.000 0.861 0.000 1.123 0.000 2.422 1.000 691 -1.6852E+05 8
9 0.000 0.315 0.000 0.619 0.000 0.807 0.242 1.9B3 1.000 591 -1.3965E+05 9
10 0.000 0.478 0.000 0.86! 0.000 1.123 0.000 2.422 1.000 500 -1.7263E+05 10
11 0.000 0.123 0.000 0.242 0.000 0.316 0.000 0.681 1.000 500 -4.B544E+04 11
12 0.000 0.315 0.000 0.619 0.000 0.807 0.000 1.741 1.OO ,O5 -1.2406E+05 12

COMPOSITIP1 - MOLE PEF:CENT .

NODE H2 H20 CO C02 02 N2 CH3',OH NODE

1 0.0 ,.O 0.0 0.0 0.0 0.0 100.0 1
2 0.0 19.1 I ,. 35.5 0.0 46.4 0.0 2 .

. 28.3 4.1 !.2 33.7 0.0 32.7 0.0 3 -
4 0.0 0.7 ().0 0.0 20.8 78.3 0.0 4 . -.-
5 6.6 14.0 1.7 39.6 0.0 38.4 0.0 5
6 0.0 14.0 0.0 0.0 10.1 75.9 0.0 6 I j

7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7
8 0.0 18.1 0.011 35.5 0.0 46.4 0.0 8
9 0.0 15.9 0.0 31.2 0.0 40.7 12.2 9

10 0.0 18.1 0.0 35.5 0.0 46.4 0.0 10 . .
11 0.0 18.1 0.0 35.5 0.0 46.4 0.0 11

_ 12 0.0 18.1 0.0 35.5 0.0 46.4 0.0 12

INPUT PARAMETERS: OUTPUT PARAMETERS:

PNUMBER OF CELLS 79 CELL VOLTAGE . mV 533.9
r CELL AREA . cm2 1070.0 CURRENT DENSITY . mA/cn2 160.6 *
* GROSS POWER . kW 7.25 NET EFFICIENCY (LHV) 25.77.

PARASITIC POWER CONSUMPTION , kW 2.25 STACK HEAT LOAD , BTU/hr 32929.3
ANODE UTILIZATION 0.80 REFORMER HEAT LOAD , BTU/hr 1263.2

* CATHODE UTILIZATION 0.50 HEAT EX. HEAT LOAD BTU/hr 2963.9
H20,Methanol AT REFORMER INLET 1.30 BLOWER FLOW RATE , cu. ft/hr 966.2

. EXCESS OXYGEN AT BURNER INLET 0.0. 4

MATERIAL AND ENERGY BALANCE

FULL LOAD AT H20/C = 1.3 and 80% ANODE UTILIZATION

Page No. A-9
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ENERGY RESEARCH CORP.
DATE: 12-13-1984

,,,.

"." NDDE ARRAYv A L.YS I S -.,

CONFIGURATION #4 _

FL,'4 RATE - lb nolelhr Press Temo Enthaloy

NODE H2 H20 CO Cal 02 N2 CHOH TOTAL ATM Deq-F BTU/hr NODE

1 O.00O n.0 , .00 , 0.000 0.000 0.000 0.255 0.255 1.000 60 -2.3850E+04 I
0.000 0.331 0.03 0.544 0.000 0.850 0.000 1.725 1.000 300 -1.1626E+05 2

3 0.737 0..104 0.027 0.777 0.000 0.950 0.000 2.489 1.000 400 -1.2669E+05 3
4 0.000 0.023 0,000 0.000 0.553 2.079 0.000 2.654 1.000 250 1.0743E+04 4

5 0.184 0.297 0.027 0.772 0.000 0.850 0.000 2.130 1.000 350 -1.4943E 05 5
6 0.000 0.382 0.000 0.000 0.276 2.079 0.000 2.737 1.000 350 -2.3510E+04 6

7 0.000 0.004 0.000 0.000 0.106 0.397 0.000 0.508 1.000 70 1.4170E+03 7

8 0.000 0.486 0.000 0.799 0.000 1.247 0.000 2.532 1.000 784 -1.6007E+05 a
9 0.000 0.331 0. on 0.544 0.000 0.850 0.255 1.980 1.000 684 -1.2806E+05 9
10 0.000 0.496 0..0,) 0.799 0.000 1.247 0.000 2.532 1.000 500 -1.6640E+05 10

0-000 0.155 0.00 0r(.25 0.000 0.397 0.000 0.807 1.000 500 -5.3032E+04 11

12 0.000 0.331 0.000 0.544 0.000 0.850 0.000 1.725 1.000 500 -1.1337E+05 12

CCPOSITION - MOLE PERCENT

ODE H2 H20 CO C02 02 N2 CH3OH NODE

i ,.0 0.4 0. 0.0 0.0 0.0 100.0 1
- 0.0 19.2 '.0 31.6 0.0 49.3 0.0 2
3 29.6 4.2 1.1 31.0 0.0 34.1 0.0 3
4 0.0 0.9 0.0 0.0 20.8 78.3 0.0 4
5 8.6 14.0 1.3 362 0.0 39.9 0.0 5 -

6 0.0 14.0 0.( 0.0 10.1 75.9 0.0 6
7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7
8 0.0 19.2 0.0 Z1.b 0.0 49.3 0.0 B
9 0.0 16.7 0.0 27.5 0.0 42.9 12.9 9

10 0.0 19.2 0.0 31.6 0.0 49.3 0.0 10
11 0.0 19.2 0.0 31.6 0.0 49.3 0.0 11
12 0.0 19.2 0.0 31.6 0.0 49.3 0.0 12

INPUT PARAMETERS: OUTPUT PARAMETERS: .-.'.

NUMBER OF CELLS 79 CELL VOLTAGE . mV 539.5

CELL AREA , c22 1070.0 CURRENT DENSITY , mAlcm2 159.0 S
GROSS POWER , k 7.:5 NET EFFICIENCY (LHV) '24.4% 7
PARASITIC POWER COASUMPTION , kW 2.21 STACK HEAT LOAD , BTU/hr 32244.3
AODE UTILIZATION 0.75 REFORMER HEAT LOAD BTU/hr 4969.5
CATHODE UTILIZATIO. 0.50 HEAT El. HEAT LOAD , BTU/hr 2894.6
H2OiMetnanol AT REFDRMER INLET 1.30 BLOWER FLOW RATE , cu. ft/hr 957.3
EXCESS OXYGE1 AT BURNER INLET 0.0Z

MATERIAL AND ENERGY BALANCE

FULL LOAD AT H20/C = 1.3 and 75% ANODE UTILIZATCN

Page No. A-10
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ENERGY RESEARCH CORP.
DATE: 12-1:-1 F4

N OD E A=VR A Y A N A Y I S 0. "

CONFIGURATION #4 4 _

FLOW RATE - lb -ole/hr Press Teep Enthaloy ,.,.-,

• CrE H2 H20 CO C02 02 N2 CH*OH TOTAL ATM Dea-F BTU/hr NODE

1 0.000 0.000 0.Q'JO 0.000 0.000 0.000 0.270 0.270 1.000 60 -2.5262E+04 I

0.000 0.051 0.000 0.490 0.000 0.893 0.000 1.734 1.000 300 -1.0913E+05 2
, 0.783 0.107 0.026 0.734 0.000 0.93 0.000 2.543 1.000 400 -1.2031E+05 3
4 0.000 0.023 0.000 0.000 0.548 2.061 0.000 2.632 1.000 250 1.0652E+04 4

5 0.235 0.303 0.026 0.734 0.000 0.893 0.000 2.191 1.000 350 -1.4323E+05 5

6 0.000 0.375 0.000 0.000 0.274 2.061 0.000 2.710 1.000 350 -2.2948E+04 6 .,
7 0.000 0.005 0.000 0.000 0.131 0.491 0.000 0.627 1.000 70 1.751bE+03 7

8 0.000 0.544 0.000 0.750 0.000 1.395 0.000 2.688 1.000 878 -1.5577E+05 8

9 0.000 0.351 0.000 0.490 0.000 0.893 0.270 2.004 1.000 778 -1.2010E+05 9

10 0.000 0.544 0.000 0.760 0.000 1.385 0.000 2.688 1.000 500 -1.6469E+05 10

11 0.000 0.193 0.000 0.270 0.000 0.491 0.000 0.954 1.000 500 -5.9440E+04 11

12 0.000 0.351 '.0 0.490 0.000 0.893 0.000 1.734 1.000 500 -1.0625E+05 12

COmPOSIT!DE - MOLE PERCENT

NOE H2 H20 CO c02 02 N2 CH3OH NODE

1 0.0 0.0 0.0 0.0 0.0 0.0 100.0 1

* 2 0.0 20.2 .0 23.3 0.0 51.5 0.0 2
.0.8 4.2 1.0 23.8 0.0 35.1 0.0 3

4 0.0 0.9 0.0 0.0 20.8 79.3 0.0 4
- 5 10.7 13.3 1.2 33.5 0.0 40.8 0.0 5

6 0.0 13.8 0.0 0.0 10.1 76.1 0.0 6
7 0.0 0.9 0.o 0.0 20.8 78.3 0.0 7

a 0.0 20.2 0. 0 28.31 0.0 51.5 01.0 9 .
9 0.0 17.5 0.0 24.5 0.0 44.6 13.5 9

10 0.0 io.2 0.0 22.3 0.0 51.5 0.0 10

11 0.0 20.2 0.0 28.: 0.0 51.5 0.0 11 -

12 0.0 20.2 0.0 28.3 0.0 51.5 0.0 12

INPUT PARAMETERS: OUTPUT PARAMETERS:

N NUMBER OF CELLS 79 CELL VOLTAGE , mV 544.1
CELL AREA . cm2 1070.0 CURRENT DENSITY , oAlca2 157.6 * I
GROSS FOWER , kW 7.25 NET EFFICIENCY (LHVI 23.0"
PARASITIC POUER CONSUMPFIN A ,W 2.25 STACK HEAT LOAD . BTU/hr 31781.1

AODE UTILIZATIOMI .70 REFORMER HEAT LOAD BTU/hr 9129.4

CATHODE UTILIZATION 0.50 HEAT EX. HEAT LOAD , BTU/hr 2875.8
"+ H20!iethanol AT REFOF.MER INLET 1-70 BLOWER FLOW RATE , cu. it/hr 962.4

- EKCESS 9XGE!4 AT PUHR.ER INLET 0.AX

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H20/C = 1.3 and 75% ANODE UTILIZATION

Page No. A-I
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ENERGY RESEARCH CORP.
'.ATE: 12-1:-1994

1'4 CNOIDE AR A ANi F; %A 4 LYS) !B I".

CONFIGURATION #4 .

.L£, RATE - lb nole!hr Press Temo Enthaloy

NODE H2 H20 C3 o02 02 N2 CH3OH TOTAL ATM Dec-F BTU/hr NODE-------------------------.... -------------------------------------------------------------------... -... --------...
S0. O000 .1)(1 0. 00(,0 0.000 0.000 0.000 0.228 0. 288 1.000 60 -2.694,E+04 I

2 0.000 0. ;74 0.000 0.452 0.000 0.943 u.000 1.769 1.000 300 -1.0498E+(5 2
Q 0.3 E o.:, 7 1.71A 0.000 0.941 0.000 2,32 1.000 400 -1.1692E+05 3

4 0.00,. 0.023 0.000 0.000 0.544 2.046 0.000 2.613 1.000 250 1.0577E+04 4
5 0.293 0.313 0.026 0.714 0.000 0.94S 0.000 2.288 1.000 350 -1.4025E+05 5
6 0.000 0.367 0.000 0.000 0.272 2.046 0.000 2.685 1.000 350 -2.2253E+04 6
7 0.000 0.007 0.000 0.000 0.160 0.600 0.000 0.766 1.000 70 2.1400E+03 7
8 0.000 0.612 0.000 0.740 0.000 !.543 0.000 2.895 1.000 973 -1.5491E+05 8
9 0.000 0.374 n.0 0.452 0.000 0.945 0.288 2.057 1.000 873 :-1.1502E+05 9
10 0.000 0.612 0.,, A 0.740 0.000 1.543 0.000 2.995 1.030 500 -1.6688E+05 10
11 ..000 0.2- 0.0.228 0.000 0.600 0.000 1.126 1.000 500 -6.4911E+04 11-.-
12 0.000 0.:74 0.0,0 0.452 0.000 0.943 0.000 1.769 1.000 500 -1,0197E+05 12

*%

CCMPOSiT!C. - MOLE PERCENT

NODE H H20 CO £02 02 N2 CH30H NODE %-"

I 0.0 i.'0 .,. 0.0 0.0 I00.0 1- .
2 ,:.0 '. .. 2. 3.0 53.3 0.0 2 ..-
3 31. 4 j i 1 27.1 0.0 -.a 0.0 3
4 '3.0 0.9 .0 0.0 20.8 78.3 0.0 4
5 12.2 12.7 1.1 21.2 0.0 41.2 0.0 5.
6 0.0 13.7 0.0 0.0 10.1 76.2 0.0 6
7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7
8 0.0 21.1 0.0 25.6 0.0 53.3 0.0 "
9 0.0 18.2 0.0 22.0 0.0 45.8 14.0 9 . .
10 0.0 21.1 0.0 2. 6 0.0 53.3 0.0 10.11 0.0 21.3 0.0. I0.1-*.,
11 0.0 21.1 0.0 25.6 0.0 53.3 0.0 11
12 0.0 21.1 0.0 25.6 0.0 53.3 0.0 12

INPUT PARAMETERS: OUTPUT PARAMETERS:

NUMBER OF CELLS 79 CELL VOLTAGE , V 548.0
CELL AREA , cz2 1070.0 CURRENT DENSITY , mA/cm2 156.5
GROSS PGOER . kW 7.25 NET EFFICIENCY (LHJI 21.6X
PARASITIC POWER CONSUMPTIO , kW 2.25 STACK HEAT LOAD , BTU/hr 31417.8

ANODE UTILIZATION 0.65 REFORMER HEAT LOAD BTUlhr 13867.4
CATHODE UTILIZATION 0.50 HEAT EX. HEAT LOAD , BTU/hr 2904.7
H2OPethol AT REFOFRMER INLET 1._0 BL0hER FLOW RATE cu. It/hr 981.7
EXCESS OXYGEN AT EURNER INLET 0.O%

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H 2 0/C = 1.3 and 65% ANODE UTILIZATION

A-A.-
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ENERGY RESEARCH CORP.
DATE: 12-1:-!-B4

NODE AR AY AN LY= hNRvZiY X.v E3

CONFIGURATION #4 p

FLCW RATE - lb mole/hr Press Temo Enthalo',

NODE H2 H20 CO C02 02 N2 CH3OH TOTAL ATM Dea-F BTU/hr NODE

1 0.000 0.000 0.000 0.000 0.000 0.000 0.241 0.241 1.000 60 -2.201E+04 I
2 0.000 0.362 0.00(1 0.738 0.000 0.938 0.000 2.038 1.000 300 -1.5031E+05 2

0.701 0.144 0.023 0. 56 0.0 00 0.938 0.000 2.762 1.000 400 -1.5987E+05 3
4 0.000 0.023 0.000 0.000 0.561 2.109 0.000 2.693 1.000 250 1.0901E+04 4
5 0.140 0.337 0. 023 0.956 0.000 0.9738 0.000 2.394 1.000 350 -1.8272E+05 5
6 0.000 0.391 0.000 0.000 0.280 2.109 0.000 2.781 1.000 350 -2.4194E+04 6 .
7 0.000 0.003 0.000 0.000 0.082 0.307 0.000 0.392 1.000 70 1.0943E+03 7
9 8 0.000 0.480 0.000 0.979 0.000 1.245 0.000 2.705 1.000 644 -1.9141E+05 8
9 0.000 0.362 0.000 0.7-73 .00 0.?38 0.241 2.279 1.000 544 -1.6313E+05 9
10 0.000 0.480 Q. Q0:0 0.979 0.000 1.245 0.000 2.705 1.000 500 -1.9486E+05 10
11 0.000 0.119 0.'(1"( 0.241 0.OO 0.307 0.000 0.667 1.000 500 -4.8026E+04 11
12 0.000 0.362 0.000 0.73K 0.000 0.938 0.000 2.03 1.00) 500 -1.4693E+05 12

C'?P0EITIOI - MOLE PERCENT

NODE H2 H2O CO C02 02 N2 CH3OH NODE

0.0 T') . .J f.0 0.0 0.0 100.0 1
2 0.0 17.1 1.0 6.2 (.0 46.0 0.0 2

25.4 5.2 . 34.6 0.0 34.0 0.0 3

4 0.0 0.9 0.0 0.0 20.8 78.3 0.0 4
5 5.9 14.1 1.0 3,9.9 0.0 39.2 0.0 "
6 0.0 14.1 0.0 0.0 10.1 75.9 0.0 6 I.-

7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7
8 0.0 17.8 0.0 36.2 0.0 46.0 0.0 8
9 0.0 15.9 0.0 32.4 0.0 41.2 10.6 9

10 0.0 17.8 0.0 36.2 0.0 46.0 0.0 10
II 0.0 17.8 0.0 356.2 0.0 46.0 0.0 11
12 0.0 17.8 0.0 36.2 0.0 46.0 0.0 12

INPUT PARAMETERS: OUTPUT PARAMETERS:

NUMBER OF CELLS 77 CELL VOLTAGE , mV 531.6
* CELL AREA , ct2 1070.0 CURRENT DENSITY , mA/c2 161.3 *

GROSS POWER . W 7.25 NET EFFICIENCY (LHV) 25.7%
PARASITIC POWER CONSUMPTICTI k 1W 2.25 STACK HEAT LOAD . BTU/hr 33198.2 .

" ANODE UTILIHATION 0.8(1 REFORMER HEAT LOAD , BTU/hr 197.6 . -
CATHODE UTILIHATION 0.50 HEAT EX. HEAT LOAD BTUlhr 3477.0

* H20;Methanol AT REFOF.MER INLET 1.50 BLOWER FLOW RATE cu. ft/hr 1131.1
EXCESS OXYGEN AT BURNER INLET 0.0Z

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H20/C = 1.5 and 80% ANODE UTILIZATION

Page No. A-13

.................................... . ...... .... ..... . . .. . .. ,• .



ENERGY RESEARCH CORP.
,:.:'.- .-;Mr

NDE ARFRY ANLYS I E3

CONFIGURATION #4:"

FL0 RATE - lb cole/hr Press le-D EI±ti- i"

NODE H2 H20 c.i C02 02 N2 CHOH TOTAL ATM m - ITR, iVr NODE ,'

1 0.000 0.000 0.00 0.000 0.000 0.000 0.254 0.254 1.04 60 - 2. 7 E
7 0.000 0.'31 0.000 0.64 0.000 0.994 0.000 2.024 1.000 XT - ,1. 2-0.740 0.149 C02 O .S 0.000 0.9°94 0.00 2.76,1.00 40 "

4 0.000 0.02i 0. 000 0.000 0.555 2.087 0.000 2.665 1.000 :50 ... -!0.. 4
5 0.185 0.340 0.022 0.82 0.000 0.994 0.000 2.23 1.000 10 -5.:'5 9
6 0.000 0.396 0.000 0.000 0.277 2.087 0.000 2.71 1.000 , "2O.t' 6
7 0.000 0.004 O.OO0 0.000 0.103 0.389 0.000 0.496 1.000 7,0: -5.L.KAP 7
8 0.000 0.530 0. CIO0 0.90i 0.000 1.783 0. 000 2.815 1.000 T, 9!,gD 8-.--.

S 0.000 0.3891 0. 6'a .4q 0. 000 0.994 0.254 2.278 1.000 E8 -'L5.% f 4?-" -i. *.
10 0.000 0. 5 .0 0.90,;, 0. O3,u0 1.3S3 0.0O 2.5 1.0 O -... i10""-" "
I11 0.001) 0. 147 0. ('00 0. 254 0.,'d00 06. "!E 0.000 0.791 1.000 !',tt. -5-20OEh'A I I , ],-

12 0.000 0.,351 (.000 0.649 0.000 0.994 0.000 2.024 1.000 ',i: -:L.Y4C.*. 12

'?MPOSITIO -M NOLE PERCENT

NODE H2 H20 CO C32 02 Q2 CH3OH NODE

1 0.0 1. 0 -.0 0..
7 0.0 016.9 0.0 0.0 . .0. 78. 0.0 28 26.6 1.8 0.o 31 0.0 49.1 0.0 3

4 1 0 1.7 0.0 20.8 78.3 0.0 4 '"
5 7.6 14.0 '.,? '5.4 0.0m  41 .0 0 .0 5 ' " ' :
6 0.0 14.0 ':1.1. 0. 0 0.1 75. 9 0.0 6
7 0.0 0.9 1). 0 0.0 20.8 78.3 0.0 7 ,"

9 0.0 16.7 0.0 28.5 0.0 43.6 11.1 9 ,:-

10 0.0 18.8 0.0 32.1 0.0 49.1 0.0 10
11 0.0 18.8 0.0 32.1 0.0 49.1 0.0 11
12 0.0 18.8 0.0 32.1 0.0 49.1 0.0 12

*INPUT PARAMETERS: OUTPUT PARAMETERSr,

NUMBER OF CELLS 79 CELL VOLTAGE .IV 5"7. 3
CELL AREA , cc2 1070.0 CURRENT DENSITY , ,;1oZ
GROSS FOWER kW 7.25 NET EFFICIENCY (LHV) 24.5-
PARASITIC POWER CCNSUMPTIGN, kW 2.25 STACK HEAT LOAD. 8Th-ir . . -
ANODE UTILIZATION 0.75 REFORMER HEAT LOAD , ]TU,4hr
CATHODE UTILIZATION 0.50 HEAT EX. HEAT LOAD , 3rUihr A0:. o
H20/Methanol AT REFEORER INLET 1.50 BLOWER FLOW RATE , cu.. -tir 22 4
EXCESS OXYGEN AT PURNER !11LET 0.0%

MATERIAL AND ENERGY BALANCE
FULL LOAD AT H 2 0/C = 1.5 and 75% ANODE UTILIZA T.

Pacre No. A-14
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ENERGY RESEARCH CORP. o
DATE: 12-13-1984
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M 3nDE 0= F Fic -e *A L--eYE I

CONFIGURATION #4

FLOW RATE - it .ole/hr Press Te.o Enthaloy '"

NODE H2 H20 Ca C02 02 N2 CH30H TOTAL ATM Del-F BTU/hr NODE

I 0.000 0.000 .0 0.06 0 0.00 0.00 .0.'0 0.269 1.000 60 -2.5178E+042 0.000 0.1103 0.000 0.595 0.000 1.050 0.000 2. 033 1.000 300 -1.228B1E+05 2 ,i "

3 0.786 0.155 0.021 0.833 0.000 1.050 0.000 2.844 1.000 400 -1.3979E+05 3
4 0. 000 0.023 0.000 0.000 0.550 2.069 0.000 2.642 1.000 250 1.0692E+04 4
5 0.236 0.347 0.021 0.833 0,000 1.050 0.000 2.487 1.000 350 -1.6250E+05 5
6 0.000 0.3BI 0.000 0.000 0.275 2.069 0.000 2.724 1.000 350 -2.3452E+04 6 p
7 0.000 0.005 0.000 0.000 0. 12B 0.482 0.000 0.616 1.000 70 1.7200E+03 7
8 0.000 0.599 0.000 0.854 0.000 1.532 0.000 2.975 1.000 816 -1.7486E+05 8
9 0.000 0.403 0.000 0.555 0.000 1.050 0.269 2.307 1.000 716 -1.3990E+05 9
10 0.000 0.589 0.000 0.854 0.000 1.5 2 0.000 2.975 1.000 500 -1.8306E+05 10
11 0.000 .185 0.000 0.269 0.000 0.482 0.000 0.937 1.000 500 -5.7639E+04 11
12 0.,100 0.403 0.000 0.505 0.000 1.050 0.000 2.038 1.000 500 -1.254E+05 12

COMPOSITIN - MOLE PERCENT

NOnE H2 H20 CO C02 02 Q? CH3OH NODE

1 0.0 , J. 0 0.0 0.0 0.0 0.0 100.0 1
0.0 1 9 0.0 28.7 0.0 51.5 0.0

3 27.6 5.5 0.7 29.3 0.0 36.9 0.0 3 "-.
4 0.0 0.9 0.0 0.0 20.8 78.3 0.0 4
5 9.5 14.0 0.8 33.5 0.0 42.2 0.0 5 ..

6 0.0 14.0 0.0 0.0 10.1 75.9 0.0 6
7 0.0 0.9 0.0 0.0 20.8 78.3 0.0 7
8 0.0 19.8 0.0 28.7 0.0 51.5 0.0 8
9 0.0 17.5 0.0 25.4 0.0 45.5 11.7 9

10 0.0 19.8 0.0 28.7 0.0 51.5 0.0 10
it 0.0 19.8 0.0 28.7 0.0 51.5 0.0 11
12 0.0 19.8 0.0 28.7 0.0 51.5 0.0 12

INPUT PARAMETERS: OUTPUT PARAMETERS:

NUM9ER OF CELLS 79 CELL VOLTAGE , IV 542.1
CELL AREA , c.&2 1070.0 CURRENT DENSITY , mAlcm2 159.2
GROSS PEWER . kW 7.25 NET EFFICIENCY (LHV) 23.1.
PARASITIC POWER CONSUMPTION kW 2.25 STACK HEAT LOAD . BTU!hr 32113.7
ANODE UTILIZATICN 0.70 REFORMER HEAT LOAD BTU!hr 80B3.8
CATHODE UTILIZATION 0.50 HEAT EX. HEAT LOAD ; ETU/hr 3383.0
H20/Methanol AT FEFOFMER INLET 1.5') BLD'ER FLOW RATE , cu. ftihr 1131.0
EXCESS OXIGEN AT BURNER INLET 0." "

MATERIAL AND ENERGY BALANCE >1
FULL LOAD AT H 20/C = 1.5 and 70% ANODE UTILIZATION

Page No. A-15 "
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- ENERGY RESEARCH CORP. T -
- ~~DATE: !2-I'W-1984 ., ,'

CONFIGURATION #4

FLOI RATE - lb iolelhr Press Teo Enthaloy

NODE H2 H2 0 CO 002 02 N2 CH30H TOTAL ATM Den-F BTU/hr NODE....................................................................................................... . ..........----

1 0.000 0.000 0. 000 0.000 ,0.000 0. 000 0.287 0.287 1.000 60 -2.6858E+04 I
2 0.000 0.30 0.000 0.535 0.000 1.111 0.000 2.080 1.000 300 -1.2256E+05 2
Z 0.840 0.164 0.020 0.B05 0.000 1.111 0.000 2.940 1.000 400 -1.3540E+05 3
4 0.000 0.023 0.000 0.000 0.546 2.054 0.000 2.622 1.000 250 1.0614E+04 4
5 0.294 0.359 0.020 0.805 0.000 1.111 0.000 2.589 1.000 350 -I.5836E+05 5
6 0.000 0.374 0.000 0.000 0.273 2.054 0.000 2.700 1.000 350 -2.2903E+04 6 0
7 0.000 0.007 0.000 0.000 0.157 0.591 0.000 0.755 1.000 70 2.1078E+03 7

8 0.0010 0.659 0.006 0.826 0.000 1.702. 0.000 3.187 1.000 903 -1.7291E+05 a
9 0.00 0.430 0.000 0.539 0.000 1.111 0.287 2.367 1.000 803 -1.3377E+05 9
10 0.00) 0.659 0.000 0.8276 0.000 1.702 0.000 3.187 1.000 500 -I.2409E+05 10
11 0.000 0.229 0.,00 0.287 0.000 0.571 0.000 1.107 1.000 500 -6.3943E+04 11
12 0.000 0.4w0 0.000 .,3 0.000 !.111 0.000 2.090 1.000 500 -1.:015E+65 12 .

COMPOSITICN - MOLE PERCENT

NODE H2 H20 CO C02 02 N2 CH3OH NODE

1 '.0 3.0 ,.0 0.0 0.0 0.0 100.0 6

7) 0.0 0.9 0.0 0. o08 7. .

2 0 20.7 0.0 25.? 0.0 53.4 0.0 2
3 :2.6 5.6 0 .7 27.4 0.0 37.9 0.0 3 . ,

4 0.0 1.2 0.0 2.8 0.0 7.3 12.1 4
5 1,4 13. 8 O6. 31.1 0.0 42.9 0.0 5 ,•.=,
5 (1.0 173 0.0 0.0 l0.1 76.0 (0.0 6..-,-L

7 0.0 0.9 0.0 0.0 20.B 78.3 0.0 7 . .

1 0.0 20.7 0.0 25.9 0.0 53.4 0.0 109 0.0 1B.2 0.0 22.9 0.0 46.9 12. 1 9 :-'-LZ [
10 0.0 -. 7 0.0 115.9 0.0 53.4 0.0 10 ,---"-

11 0.0 20.7 0.0 25.9 0.0 53.4 0.0 11

12 0.0 20.7 0.0 25.? 0.0 53.4 0.0 !2

INPUT PARAMETERS: OUTPUT PARAMETERS:

NUMBER OF CELLS 79 CELL VOLTASE ,V 546.1
CELL AREA . cm2 1070.0 CURRENT DENSITY , mA/cm2 157.1
GROSS POER , kW 7. 25 NET EFFICIENCY (LHV) 21.7Z
PARASITIC POWEER CONSUMPTIC;I f kW ,2.25 STACK HEAT LOAD , BTU!hr 31735.7
ANODE UTILI:TIONI 0.65 REFORMER HEAT LOAD BTU/hr 12B13.0
CATHODE UTILIZATION O.s0 HEAT EX. HEAT LOAD BTUlhr 3417.6
H20iethancl AT REFORMER INLET I.,( BLOWER FLOW RATE , cu. ft/hr 1154.2
E(CESS OXYGEN AT PURNER INLET 0.0t 0

MATERIAL AND ENERGY BALANCE

FULL LOAD AT H20/C = 1.5 and 65% ANODE UTILIZATION

Page No. A-16
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APPENDIX B

THERMODYNAMIC PROPERTIES OF METHANOL
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ENERGY RESEARCH CORPORATION

PRESSURE DROP CALCULATIONS

The pressure drop of the reformer, and the combustion

section of the reformer are important parameters in a fuel cell

power plant. The combustion section of the reformer is fed low P 4
pressure anode exhaust which is burned and passed through the

combustion annuli. In order to minimize pressure boosting by

blowers, a minimum pressure drop is desired. Normally no

pressure boosting is required in this stream. The vaporizer and

catalyst bed section of the reformer are fed by a liquid pump for

methanol and a recycle blower for the recycle gas. In order to

minimize the pressure boost requirement for the recycle blower,

minimum pressure drops are desired for the vaporizer and cata-

lyst bed as well.

The complicating factor in addition to these considera-

tions is that there is a relationship between pressure drop in - ...

a system and heat transfer in the same system. Ideally, a low

pressure drop and high heat transfer is desired. However, due

to the turbulence created in fluid flow as pressure drop in-

creases, there is an increase in heat transfer as well. Colburn

defined this relationship as follows (under conditions of turb-

ulent flow):

h 341 D 0.33 (PP) 0.44

Cp L

where

h = heat transfer coefficient (BTU/Ft2 HR OF)

D = Diameter (inche-)

P= density (lb/ft3)

AP= inches of water

L length (ft)
C= heat capacity BTU/lb OF

Page No. C-2 S
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Figure C-i depicts plots of the above equation for tubes of 1 and

3 inches. The equation and the plot show that for a given size ,,,

pipe, as the mass velocity is increased, the heat transfer rate

goes up with 0.44 power of the pressure drop.

For cored tubes containing a centrally located cylindrical

core or plug, the above equation applies if D is defined as the

equivalent diameter or clearance. For a given mass rate through

an empty tube or annulus, an increase in velocity caused by

inserting a core in the pipe gives results represented by the

following equation.

h= 615 m 0.125 (dp-dc) 0.125 PAP)0.345

Cp dP- dc

where m total mass flow per tube (ibs/sec)

0 0
d= diameter of pipe

dc diameter of core

Therefore, it has been shown that pressure drop does have a

bearing on heat transfer. Figure C-i does show, however, that

baffled tubes result in higher heat transfer coefficients that

are not much lower than packed tubes but result in much lower

pressure drop. This provides an incentive for improving heat
.- -4

.. transfer in the reformer by baffles or extended surfaces.

For the purpose of this design, various reformer diameter

annuli were examined in order to determine a desirable size which

would provide both sufficient heat transfer area and reasonable

pressure drop.

Pressure drop of the various annuli at different diameters ''

were calculated based on the equivalent diameter of a tube having

an equal cross-sectional area as the annulus in question. A

Page No. C-3 -
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nomograph such as depicted in Table C-i was used to estimate -,

expected pressure drops in each empty annulus of the reformer.

For packed annuli, namely the reforming annulus containing the -

reforming catalyst, a different method was used. Table C-2 shows

the equation and parameters used for determining the pressure

drop in the packed annulus.

After evaluating various diameters for the reformer, the

sizes shown in Table c-4 were chosen. These were chosen for .

their ability to provide sufficient heat transfer area and low

pressure drop in the combustion annulus and in the vaporizor and

reforming annuli.

Pag..e...
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ENERGY RESEARCH4 CORPORATION

TABLE C-1

PRESSURE DROP IN PIPES

FLOW IN PIPES AND CHANNELS

Pressure drop

Turbulent region due to friction Based on clean steel pipe

Liquids: Lp Centipaiseso1
Diameter. Weight Mass Lb/cu. ft at I atm.

aclual inside fa, velocity,
dacmeter, in. losns th, ~ d Gases: TP (p)01 Temperature,C.-

0, b./tir. lbjhr)lsq.tft) . absolute pressure Gae P iiud
50 15 [Profgsoatmospheres] t00 :a6 i~d

-40 oo Lb./5sin lrcwoter to~-10
10,0000p 0 2-j

2000 :a r000 20 e Gases
2 104100 t3 50a0

.5000 00"

21000 *3~ 12 5 " 40- 50=
-1000 0.5 0 100Z78 _ 0 10 / 00o

76- 100 Soo Cl 200

4 20 -200 \ 05300-
t0 - 9 0.1 /0.5 -250

3 5 100 400-:_

28 0. 0.0520
20 0. r

02-2 so ~ / o.oo1. 500:
01 \0.0.00080

05 -7 0,00

0.2 -20-- 0.0001 70
0.1oo 0.0000 a. o

A 6 0.001 ?--1-0 2 34

20 00Mrc01 0 12r00-

Cheica Engners Hadok Fourt Eto

0.3.
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TABLE C-2 Al
PRESSURE DROP TH-ROUGH PACKED BEDS

Pressure drop data for fixed beds have been correlated by Carmen AsP is obtained in lb/in2 or kg cm-~ The factor B is dependent
t Trans. Inst. Chemt. Eng. 15, 150 (1937], where the symbols are on SMhji.
defined. He plotted a pressure drop term against Reynolds To calculate a pressure drop, first calculateMI/p (see table I5).
number, and evaluate SAfh '.ii. and then obtain B in ft lb h units from table

Thatis AC (R) up14a, or in metric units from table 14b. Substitution of the value
Tht s sr(l -ep gist (e -upof B in the equation given above gives the required pressure drop.

The values of pressure drop calculated from tables l4a and b
The correlation can be rearranged and expressed in more are those expected in beds of packed catalyst. In use the bed

readily available units with the result that packs down, causing the voidage in the bed to decrease and the
AP = h"S'ff"Ppressure drop to increase to these expected values.
PoP =B~i'SMTPSome typical values of M/p are given in table C-3.

where B = a quantity derived from a table by referene to the
value of SAMhj~

S = space velocity lh)
Af = average molecular weight of gas,
h = height of bed (feet or metrest,
p = viscosity of gas llb ft h or centtpoises).JR
T =average temperature of gas in reactor (Rankine

or Kelvin).
P =average pressure in reactor [Ib/in labs.) or kig

cm 2labsAI..-

Pressure drop

ta ,iokngih. 3xlmm 5 4 x36 So~mm hohmm llsgmm tn~m~~3 lo~m7lm~'ii -i

or dia mm mm
Im.pe cylinder ciinder cylinder cylinder cylinder cylinder cylinder ring ring spheres grainules

III Catalyst No. 11-3.1 55. 15-4 46.-t. 57-I 54-2 32-4 35-4
41-3.5 12- Tubular

reformer

55th uValues of B in ft lb h units

ift lb hl ,

,0-0' 90. 10-" 44. 10- " 75-10 " 5 2 . 10 i5 3 2 x10-" 2 . 10 -1 14. 10 1 9 4 xt11 5 6 x10 4 4 x10 13 40. 10~' *.
;01)0, 1 00 ht" 31tnl0-1S 5 4 xt101

1 
42.10-3 2 5 -10i3 tt18 to-s- 1 2 - 0 " 7 9. 0i 4 7 .t0 '3ts. 10 3 -10

60-10.t 40x 10-1 25. l0-is 37x10" 28nto-i3 20,110 15lO- 
1

0-~t
1

" 64.10l 38-10 25-10 ZS- 10U
l~ot))' 3 4x o-" 2 2X10- 13 l2X o- 3 2 5 X 0-I 1-f X10.1 14 x10it 9 6 x10 14 56.l1 34. l

1- 22.l 1 2 ' 10
30n to' 26x 10- 1 91s 10-1 26x t"' 210X tou -S t 1.- 21,10-11 86xs10 47ot . 0 2 9 tO10' 19 st 10 t 3 15 10 3

Vatues of B in metric units -- - -
55th p

lIS.r~ 1t1 2 2 -1- ItIo -1 10-i I 1o 1- 3 .tO- 77.1tO" 54xi 1-I 36ot0-.3 2 4 v) I j 11 I 0 t10 tO 1

10, 1- 1 "hl' 82otI 101 14- 1011 1 lto
1

3 66 -10-" 4 5.1" t-) 120-10 - 2 0. 1 -5 10 9 52 10 I 57.10'

SO 10. 82. 10-11 54.101177x10 1159 11 '44010-" 34 1fli 24.10-1 1 14 o10 9is thl
1  

5 4 .10l 5 
2 

10 s.0 -

2o1.toI' 26x 10-1 48 x10-" 65. 10 11 5 2. - i 38-10- 2 9o0o- 2 2010 11 12. it)I 7lt ' 01 4A. t0 11 1-11

SOURCE: Catalyst Handbook, Springer-Verlag, New York Inc.,
Wolfe Scientific Books/London-England, 1970
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TABLE C-3

MOLECULAR WEIGHT/VISCOSITY RATIOS

Some values of molecular weight/viscosity are given for typical
gas streams. For most duties the accuracy of the .e values is
adequate for the evaluation of pressure drop

Dutv Al M'11 M /I
(ft lb h units) (metric unitsi

Primary reformer 15 190 460
Secondarv reformer 16 150 360
HT CO shift 16 290 A(X)
LT CO shift 16 370 890
Methanation (NH3 plant) 8-6 200 480
Niethanation (H, plant) 2-4 70 160

SOURCE: Catalyst Handbook, Springer-Verlag, New York Inc.,
1;feScientific Books/London-England, 1970
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APPENDIX D

HEAT TRANSFER CALCULATIONS
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HEAT TRANSFER CALCULATIONS

In order to evaluate the heat transfer characteristics of

the combustion tube and vaporizer components, heat transfer

coefficients were determined based on two correlations. The

Leva cooling correlation was used for the combustion tube, and

the Beek correlation was used for the vaporizer.

The heat transfer coefficients predicted by the Leva cool-

ing correlation for a packed tube was calculated at part load and

full load conditions. This coefficient was then converted to an
"empty tube" coefficient by using a factor developed by Colburn.

The empty tube coefficient was compared to the effective heat

transfer coefficient actually obtained. The results indicated

that the effective heat transfer obtained was lower than the

predicted empty tube coefficient. Tables D-1 and D-2 depict the

correlation and results obtained. A plot of the Nusselt number

and heat transfer coefficient versus the Reynolds number in

Figure D-1 indicates that improvements in heat transfer can be

obtained by increasing the Reynolds number. However, this

improvement is obtained at a pressure drop penalty, since

pressure drop also increases with the Reynolds number.

The heat transfer in the vaporizer was also evaluated by

using the Beek correlation. Here too, a packed tube coefficient

was calculated first, and an empty tube coefficient was derived

from the packed tube coefficient. The correlation used, and the ..- '-:

coefficient obtained are illustrated in Tables D-3 and D-4. The

data was also plotted in Figure D-2. Here too, an increase in

heat transfer rates can be observed as the Reynolds number

increases.

Figure D-3 shows some typical levels of heat transfer

coefficients. Although specific conditions, such as tempera-

ture, velocity, and geometry affect the heat transfer coef-

ficients, the figure presents some typical values of h for the

Page NO.D-2
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purpose of comparison. The h obtained experimentally falls :

between the h for atmospheric natural convection of air and-.$''
forced convection of air. .''o -

The heat duty desired for heat transfer from the combustion "

tube to the vaporizer is 9072 BTU/hr. The actual heat transfer ';A.:

obtained was 2961 BTU/hr. Therefore, an increase in heat -"-

transfer by a factor of 3 was required. This necessitated a _ -'

design modification which would provide additional heat trans- " '-'.

fer to meet the requirement. \'- ,

I77-
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TABLE D-1

LEVA COOLING CORRELATION ..

NUT = 3.5 e(-4.6 Dp/DT) Rep 0.7

NUT = Nusselt Number hDt/k

h = Heat Transfer Coefficient

Dt = Hydraulic Diameter of Combustion Tube

k = Thermal Conductivity of Gas

Rep = Reynolds Number Dp G/p,

D Particle Diameter

G = Mass Flow Rate/Cross Sectional Area of Combzit-iont
Tube 

L

= Viscosity of Gas

Page No. D-4
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TABLE D-2

COMBUSTION TUBE HEAT TRANSFER COEFFICIENTS

THEORETICAL THEORETICAL EXPERIMENTAL
PACKED TUBE @ EMPTY TUBE .

FLOW HEAT TRANSFER HEAT TRANSFER HEAT TRANSFER -
COEFFICIENT COEFFICIENT COEFFICIENT
(BTU/Hr Ft 2 °F) (BTU/Hr Ft 20 F) (BTU/Hr Ft 2 °F)

4 kW 103 13 8

7.25 kW 108 14

NOTES:

1 3/16 INCH DIAMETER TUBE WITH 3/16 DIAMETER
PACKING - USING LEVA COOLING CORRELATION

BASED ON RATIO BETWEEN HEAT TRANSFER COEFFICIENT
FOR PACKED TUBES AND EMPTY TUBES DEVELOPED BY
COLBURN.

O USING Pt MONOLITH AND 4 3/8 INCH LONG Pt PELLET
BED.
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TABLE D-3

BEEK CORRELATION FOR CYLINDERS
Nt= Dt Re.--+0.-

Nut = D (2.58 Rep -33 Pr -33 + 0.094 Rep 8 Pr 4 )

.p

" Nut = Nusselt Number hDt/k

h = Heat Transfer Coefficient

Dt = Hydraulic Diameter of Annulus

Rep = Reynolds Number Dp G/V i- ]

Dp = Particle Diameter

G = Mass Flow Rate/Cross Sectional Area of Annulus

= Viscosity of Gas

Pr = Prandtl Number iip .[ .
* k

" p Heat Capacity of the Gas -. _

* 4

........ =

*5,. . . .

. . .4 •
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TABLE D-4

VAPORIZER HEAT TRANSFER COEFFICIENTS

FLOWE TRANSEP@ EMPTY TUBE E(2 6©
FLO HATTRNSER HEAT TRANSF HEAT TRANSFER

CEFCETCOEFFICIENT COEFFICIENT
(BTU/Hr FtO) (BTU/Hr Ft 2oF) (BTU/Hr Ft2OF)

4 kW 39 5 8

7.25 kW 42 5.3

NOTES:

Q 1 3/16 O.D./2.12 INCH I.D. ANNULUS WITH 5/16
INCH PACKING USING BEEK CORRELATION.

O BASED ON RATIO BETWEEN HEAT TRANSFER COEFFICIENT
FOR PACKED TUBES AND EMPTY TUBES DEVELOPED BY
COLBURN.

03 USING Pt MONOLITH AND S/S SHAVINGS AS PACKING.
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Combust ion Tube/vaporizer

Steam, tndensing-

hater,boigI

Water. forced convection

WStW. natural connection

Freon, condensing I

Freon, evaporating

Hydrocarbon fraction, condensing

Hydrocarbon fractions. evaporating

Hdydrocarbon fractions, liquid

Hydrocarbon fractions. ga

Oils

* Hydrogen

Air, comprested
Air. atmo. pr esara.

* forced conectin
Air. atmos. presbure,

natural conve1ction
Btu/1hh 

0 F)(ft
2 ) 0. a 2 4 6 81 2 4 6 810 2 4 6 8 102 2 4 6 8 1 0 2  4 6 S104

Kca1/(h)( 0 C)(M
2 ) 1 2 46 8 10 2 4 6 8 102 2 4 6 81V~ 2 4 68 810' 2 4

W/(m 2)(*C) 1 2 4 6 810 2 4 6 81I02 2 4 6 1'03 2 4 6 10. 2 4

Approximate values of h, fluid-to-surface heat-transfer coefficients

FIGURE D-2

APPROXIMATE VALUES OF HEAT TRANSFER COEFFICIENTS

-SOURCE: Process Heat Exchange, Edited by Vincent Cavaseno
and the staff of Chemical Engineering McGraw Hill
Publication Co., New York, NY page 101, 1979.
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